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1 Introduction

In recent years, semiconductor nano-rods and nano-tubes have been attracting consid-
erable attention as possible building blocks in electronics [1], optoelectronics [2] and
sensing applications [3]. Current substantial effort has been devoted to understanding
their synthesis, electrical, optical and mechanical properties. In comparison to con-
ventional thin film electronic and optoelectronic devices, vertically aligned nano- and
submicron-rods and tubes offer many potential advantages. For instance, the active
area for core/shell nano-rod LED structures is grown on the whole cylindrical surface of
the nano-rods (figure 1.1). Thus, the active area is assumed to be effectively increased
by several multiples of the aspect ratio resulting in improved total light intensities at
high currents from the same substrate [4]. The light extraction efficiency is also expec-
ted to increase owing to the non-planar geometry and suppression of light absorption
in the material [5]. With regard to sensing applications, the larger surface to volume
ratio sets nano-structures as better candidates to the surrounding ambiences (gases or
liquids) than thin film based devices. In addition, compared to planar layers, nano-rods
with a small footprint on the substrate help to reduce the strain induced by growth on
lattice mismatched substrates and hence avoid generation of cracks [6].

Among various semiconductor materials, nano- and submicron-structures based on
group-III nitrides are specifically unique due to their wide and direct band gap, chem-
ical inertness, high thermal stability and mechanical robustness [7]. With regard to
optoelectronic applications, GaN (3.437 eV) can be alloyed with InN (0.608 eV) and AlN
(6 eV) which allows tuning of the band gaps and emission wavelengths from the infrared
to the ultraviolet spectral ranges [8]. Also due to their strong bond strengths and chem-
ical inertness, high temperature and high power transistor operation in chemically harsh

a) b)
Quantum wells

Substrate

p- semiconductor

n-semiconductor

Cross-sectional
view

Figure 1.1: Sketches of (a) core-shell nano-LED ensemble and (b) cross-sectional view of
a core-shell nano-LED. Figure is adopted from J. Appl. Phys., vol. 111, pp.
071101-1–23, 2012 [5].
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1 Introduction

environments as well as deployment for biomedical applications is foreseen.
Developing a process for the fabrication of dislocation free and position controlled GaN-
based micro-, submicron- and nano-structures together with achieving the respective
coaxial InGaN quantum well overgrowth are the focal questions to be investigated
throughout this study. Development of these structures shall be a building block for
achieving nano- and micro-photonic devices, such as LEDs or optically interfaced sensor
elements, with the afore-mentioned unique and attractive material properties of the
III-nitrides.
ZnO has a wide and direct bandgap (3.3 eV at room temperature [9]) but suffers from

low thermal and chemical stabilities. It is easily etched in hydrogen and ammonia at-
mospheres at temperatures above 700 ◦C as well as most acids at room temperature,
and it also suffers from difficulties in p-doping [10]. On the other hand, the growth
of vertically aligned and well ordered ZnO nano-pillars using vapor transport methods
is relatively easier and better established as confirmed by the larger number of pub-
lications in comparison to GaN [10]. Since vertical alignment and ordering with the
same crystal orientation of the rods is beneficial for developing scalable processes where
the effect of parameters could be systematically investigated, we were motivated to use
ZnO nano-pillars as a growth template to realize GaN structures with the same shape
(figure 1.2) and configuration. One question at this point was: what are the typical epi-
taxial challenges or limitations for the overgrown layers or hetero-structures in terms of
layer quality? Furthermore, can the desorption of ZnO pillars be controlled up to com-
plete desorption during GaN overgrowth to generate GaN nano-tube or submicron-tube
structures? Such tube structure has a larger surface to volume ratio than a typical rod
structure and is expected to have different wave-guiding properties. The afore-mentioned
material growth questions are to be addressed within our studies presented in chapter 3.
Also in chapter 3, different approaches for the position control of the ZnO nano-pillars
are presented and compared. This is especially important for the subsequent system-
atic investigation of epitaxial process parameters for coaxial InGaN layers and quantum
wells around the GaN tube structures. Successful growth of single ZnO nano-pillars on
top of single GaN pyramids was achieved (figure 1.3), where the controlled desorption
of ZnO has led to GaN nano- and submicron-tubes (figure 1.4). This approach benefits
from the less extensive writing of electron-beam lithography on a masked substrate and
makes use of simpler optical lithography measures for the position control of the GaN
tube structures.
Metal-organic vapor phase epitaxy (MOVPE) is today the commercially most widely

used epitaxial growth method for III-V semiconductors, and it is the growth technology
employed throughout this work. For our studies, the main advantage of MOVPE com-
pared to molecular beam epitaxy (MBE) is the ability to precisely control the carrier
gas mixture (hydrogen and nitrogen) and reach higher temperatures (around 1120 ◦C),
which are conditions needed for the complete desorption of ZnO after casting the ver-
tically aligned templates with GaN coaxial layers. In chapter 2, a review of some basic
properties of group-III nitrides, MOVPE growth technology as well as the characteriza-
tion methods employed throughout this work is summarized.
Growth and characterization studies of coaxial InGaN layers around GaN nano- and
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ZnO nanopillar
Coaxial GaN layers

Substrate

Figure 1.2: Sketch of a ZnO nano-pillar overgrown with coaxial GaN layers.

submicron-tube structures is a focal question to be examined in chapter 4. Targeted as
the active layer where carrier confinement is achieved, high quality coaxial InGaN layers
are essential as a first step towards a GaN nano- or micro-LED. Also for the purpose of
optically interfaced sensing in different gas environments, coaxial InGaN quantum wells
promise much higher intensity emission at room temperature in comparison to pure GaN
tubes or rods due to confinement of carriers. The successful growth of coaxial InGaN
layers and the respective investigations using photoluminescence, cathodoluminescence
and transmission electron microscopy investigations are presented and discussed. Fur-
thermore, for the purpose of examining the effect of the original template on the coaxial
InGaN layer, the luminescence properties of coaxial InGaN layers around our developed
GaN tubes are compared to coaxial InGaN layers around GaN micro-rods.

A high degree of N-polar orientation is a typical feature of vertical GaN nano- and
micro-rods [11]. Thus, experiments designed to realize N-polar vertical GaN micro-

Figure 1.3: Single ZnO nano-pillar epitaxially grown on a GaN micro-pyramid.
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1 Introduction

(a)

400 nm

(b)

Figure 1.4: Single GaN submicron-tube on top of a GaN micro-pyramid generated after
ZnO desorption (a) side view and (b) top view.

and nano-structures as well as N-polar layer templates were performed and discussed in
chapter 5.
Finally, first-approach gas sensing experiments for the discussed structures under oxy-

gen and argon gas environments are endeavored (chapter 6), where further questions
concerning the effect of surface to volume ratio and band-gap structure on the optical
response are identified. Due to the complexity of electrically interfacing of nano- and
micro-rods, optical excitation and read-out was employed in a micro-photoluminescence
setup.

4



2 Basic Properties of Group
III-Nitrides

This chapter provides the theoretical background needed for the growth and character-
ization of coaxial GaN/ZnO, InGaN/GaN hetero-structures as well as GaN rods. First,
a review of the fundamental properties of group-III nitrides in terms of crystal and band
structures is introduced. This includes an explanation of how coaxial InGaN overgrowth
on the non-polar planes of vertical structures benefits from reduced polarization fields in
strained QWs. Furthermore, a background of the crystal structure is useful during our
growth investigations of micro- and nano-rods exhibiting an N-polar crystal orientation
(chapter 5). Then a comparison between ZnO and sapphire as possible substrates for
hetero-epitaxy is discussed. The fundamental knowledge of MOVPE growth technology
is then described together with its respective challenges for GaN and InGaN growth.
Finally, a brief introduction to the characterization methods employed throughout this
work is provided.

2.1 Crystal Structure

The group III-nitrides can crystallize in one of the following three crystal structures:
(1) wurtzite, (2) zinc-blende, and (3) rock-salt. At ambient conditions, the thermody-
namically stable phase is the wurtzite structure [12]. A phase transition to the rock-salt
structure takes place at high pressure. However, the zinc-blende structure is metastable
and may be stabilized only by hetero-epitaxial growth on substrates reflecting topolo-
gical compatibility [12, 13]. The wurtzite structure has a hexagonal unit cell with two
lattice parameters: the in-plane lattice constant “a” and an out of plane lattice constant
“c” perpendicular to the hexagons (figure 2.1). In an ideal wurtzite structure, the ratio

between the lattice constants c/a =
√

8
3
= 1.633 [12]. Real nitrides however exhibit de-

viations from an ideal wurtzite with c/a values of 1.626, 1.601 and 1.609 for GaN, AlN

Property Symbol (unit) InN GaN AlN
Hexagonal lattice a (nm) 0.3545 0.3189 0.3112
constant (in-plane)
Hexagonal lattice c (nm) 0.5703 0.5185 0.4982

constant (out-of-plane)

Table 2.1: Crystal lattice constants for group III-nitride binary alloys [14].
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2 Basic Properties of Group III-Nitrides

Figure 2.1: Unit cell of wurtzite crystal structure. Gallium atoms are represented by
white spheres whereas the nitrogen atoms are black. Thin solid lines rep-
resent the bonds. Reprinted with permission from [16]. Copyright 2009,
Cuvillier Verlag, Göttingen.

and InN, respectively [14]. The atomic arrangement of the nitride wurtzite structure can
be viewed as consisting of hexagonal double layers, one layer is occupied by nitrogen,
while the other contains the group III elements. The zinc-blende structure occurs when
the hexagonal layers are stacked in a periodic ABCABC sequence, while the wurtzite
structure follows an ABAB sequence [15]. The lattice parameters for AlN, GaN and InN
are listed in table 2.1. For a basis unit cell with hexagonal symmetry, crystal directions
and planes are described using four indices (hkil) where i= -(h+k). An angle of 120 ◦

exists between the basis vectors a1, a2 and a3 in the basal plane of the hexagon, whereas
the fourth vector a4 lies perpendicular to the basal plane (the c-direction). Figure 2.2
illustrates the crystal planes needed throughout this work. These are the polar (0001)
plane (the c-plane), the nonpolar m- (11̄00) and a- (112̄0) planes and the semipolar
(11̄01) and (112̄2) planes. More details about the origin of polarity in the crystal and
its effects in material properties is discussed in section 2.4.

Both wurtzite and zincblende structures have polar axes where lack of inversion sym-
metry exists. Bulk and surface properties can depend significantly on whether the sur-
face is faced by nitrogen or metal atoms [7, 18]. The most common growth direction of
hexagonal GaN is normal to the (0001) basal plane, where the closely spaced hexagonal
atomic bilayers have polar faces. Thus, in the case of GaN, a basal surface should be
either Ga- or N-faced. By Ga- faced we mean Ga on the top position of the 0001 bilayer,
corresponding to [0001] polarity (figure 2.3). Ga-faced does not mean Ga-terminated;
termination should only be used to describe a surface property [7]. A Ga-face surface
might be N-terminated if it is covered with nitrogen atoms, but without flipping the
crystal it will never be N-faced (Figure 2.3) [7]. It has been reported that smooth
high-quality epitaxial GaN films deposited by MOVPE on c-plane sapphire substrates
grow in the [0001] direction with Ga-faced surfaces, where a low temperature AlN nuc-

6



2.1 Crystal Structure

Figure 2.2: Schematic drawing of the commonly used GaN crystal surface orientations.
(a) the mostly used polar c-plane. (b) and (c) represent the nonpolar m
{11̄00} and a {112̄0} planes, respectively. (d) and (e) represent the semipolar
{11̄01} and {112̄2} planes, respectively. Reprinted with permission from [17].
Copyright 2011, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

leaction layer is deployed [19]. However, MOVPE N-polar layers with smooth surfaces
have been reported using a high temperature GaN nucleation layer [19]. As we will
discuss later in chapter 5, a high degree of N-polar orientation is a typical feature of ver-
tical GaN nano- and micro-rods on sapphire substrates. Thus, experiments designed to
realize N-polar layers and vertical structures were performed. Different chemical proper-
ties, such as etching characteristics are determined by the polarity of the wurtzite GaN
structure [20]. The etching rate in KOH is used to check the nature of polarity of our
structures as shown in [11].

Figure 2.3: Different polarities (Ga- and N-faced) of wurtzite GaN. Reproduced by per-
mission from [7]. Copyright IOP Publishing 1998. All rights reserved.
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2 Basic Properties of Group III-Nitrides

2.2 Band Structure

The electrical and optical properties of semiconductors are mainly determined by the
electronic band structure near the Γ point on the momentum scale. Binary and ternary
compounds of the AlGaInN material system have a direct bandgap where the energies for
the conduction band minimum and the valence band maximum both lie at the Γ point.
The conduction and valence band structure of GaN and related nitrides is parabolic
near the fundamental gap for very small k-values, but highly anisotropic (figure 2.4).
Moreover, the valence band near the fundamental gap is split due to the non-symmetry
of the wurtzite structure leading to A-, B- and C- type holes [21,22]. The values for such
excitonic transitions for GaN were measured by Kornitzer et al. using low temperature
photoluminescence and are listed in table 2.2.

Table 2.2: Excitonic transition energies for unstrained GaN measured by low temperat-
ure photoluminescence [23].

XA [eV] 3.477
XB [eV] 3.482
XC [eV] 3.499

According to [8], pure GaN has a bandgap of 3.437 eV at 300K. The magnitude of the
bandgap (Eg) also depends on the ambient temperature according to Varshni’s emperical

Figure 2.4: Band structure of wurtzite GaN calculated using the psuedo-potential
method near the Γ point. Reprinted with permission from [24]. Copyright
1996, AIP Publishing LLC.
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2.2 Band Structure

formula [25]:

Eg(T ) = Eg(0K)−
αv ·T

2

βv + T
(2.1)

where αv and βv are the Varshni parameters. Table 2.3 summarizes the Varshni para-
meters for GaN, AlN and InN. Most of our structures characterized using photo- and
cathodoluminescence experimental setups were measured at temperatures between 8
and 20K in especially cooled chambers (section 2.8.1). This is due to the fact that at
these low temperatures, lower degree of crystal vibrations takes place and hence single
luminescence contributions could be resolved.

Table 2.3: Bandgap energies Eg and Varshni parameters αv and βv for group-III nitrides
[8].

Eg (T=0 K) Eg (T=300 K) αv (meV/K) βv (K)
AlN 6.1 6.0 2.63 2082
GaN 3.51 3.437 0.914 825
InN 0.69 0.608 0.414 154

III-V Ternary Alloys

Appropriate alloying of AlN, GaN and InN should allow the formation of alloys with
band gaps intermediate to those of the binary compounds. This feature is widely used
in band-structure engineering of nitride-based devices; for instance, most light emitters
contain an active region consisting of an InGaN layer with band gap lower than that of
GaN. Unlike the relationship between the lattice constant and composition of ternary
alloys (equation 2.3), the band gap of III-nitride alloys shows a divergence from the
linear relation of the bandgap energy between two materials (figure 2.5). The band gap
of the relaxed unstrained alloy is usually expressed as

Eg(InxGa1−xN) = xEg(InN) + (1− x)Eg(GaN)− bx(1− x) (2.2)

where b is the bowing parameter. Table 2.4 lists band gap energies and bowing para-
meters of III-nitrides and their ternary alloys.
A discussion about the expected and measured indium content in coaxial InGaN layers

around GaN nano- and submicron-tubes and rods using photo- and cathodoluminescence
is presented in chapter 4.
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2 Basic Properties of Group III-Nitrides

Table 2.4: Bowing parameter b for group-III nitrides [26].

b (eV)
InxGa1−xN 1.4
AlxGa1−xN 0.71
AlxIn1−xN 3.7

Figure 2.5: Bandgap energies of wurtzite nitride semiconductor alloys and binaries as
a function of the in-plane lattice constant “ a”. Reprinted with permission
from [27]. Copyright 2008, Cuvillier Verlag, Göttingen.
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2.3 Strain

2.3 Strain

For the hetero-epitaxial growth of GaN/ZnO as well as for our coaxial InGaN/GaN
layers, strain is an inevitable effect and can have direct influence on the properties of
overgrown layers. Highly strained layers can relax into defects, thus resulting in lower
crystal quality. In addition, strain can result in modification of the band-structure as will
be explained in section 2.4. There are two main causes for strain generation. The first
is due the difference in lattice constants between the template and the overgrown layer,
while the second is due to the difference in the thermal expansion coefficients [28]. An
example for the first case is the deposition of thin InGaN layers on a GaN substrate tem-
plate. In that case the epitaxially grown crystal changes its in-plane lattice constant and
takes the same as that of the underlying template. This leads to mechanical deformation
and change of symmetry of the unit cell and the layer is said to be pseudomorphically
strained. An increasing level of pseudomorphic strain develops until a critical thickness
is reached, after which the layer is relaxed and crystal defects are generated to accom-
modate the lattice mismatch. The second cause of strain in hetero-epitaxy, the difference
in thermal expansion coefficients, can also have a significant effect due to the high tem-
perature gradient (around 1000 ◦C) that both the substrate and the overgrown layers
need to survive. Due to the afore-mentioned two reasons, a critical factor in choosing
a suitable substrate is low lattice mismatch and a similar thermal expansion coefficient
(section 2.6). However, for GaN growth on sapphire, the lattice mismatch is fairly high
but this effect is reduced by the fact that the GaN lattice is rotated by 30 ◦ with respect
to the sapphire lattice to result in around 15% [29,30]. Arguments for using sapphire as
a substrate for GaN are further discussed in section 2.6. Micro- and nano-rods exhibit
a small footprint on the substrate which help to reduce the strain induced by growth
on lattice mismatched substrates and hence reduce generation of dislocations as well as
increasing the critical thickness of crack free structures [6]. For InGaN layers, the lattice
constant is directly related to the In content in the InGaN layers through Vegard’s law:

aInxGa1−xN = x · aInN + (1− x) · aGaN (2.3)

Thus the amount of strain in InGaN layers increases linearly with the In content, which
in turn can affect the quantum efficiency of the InGaN quantum well if grown along the
c-direction (as explained in the following section).

2.4 Polarization

A special property of group III-nitrides is the existence of strong polarization fields in
the material. Such polarization fields are a summation of an intrinsic component, the
spontaneous polarization, and a deformation-dependent component, the piezoelectric po-
larization. Due to the deviations from a perfect wurtzite crystal symmetry (section 2.1)
and that the bond nature is not purely covalent, but rather has a strong ionic compon-
ent, a resulting dipole moment exists in the crystal leading to spontaneous polarization
along the (0001) direction (c-axis) [28, 31]. Moreover, spontaneous polarization in the

11
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Figure 2.6: Band diagram of a quantum well (a) under the influence of an applied electric
field and (b) without an electric field. Reprinted with permission from [28].
Copyright 2010, Cuvillier Verlag, Göttingen.

crystal depends on the lattice parameters (and in particular on the different deviations
of c/a from the ideal case) and therefore it is different for the different nitride com-
pounds. Piezoelectric polarization results from the mechanical asymmetric deformation
of the crystal through strain induced by hetero-epitaxy of layers with different lattice
constants (section 2.3). Such crystal deformation can leads to a redistribution of charges

in the strained layers. The resulting piezoelectric polarization vector (~Ppz) is linearly
related to the strain εjk by the tensor for piezoelectric coefficients eijk :

~Ppz = Σj,k eijk · εjk (2.4)

The piezoelectric tensor of the wurtzite structure has three non-vanishing independent
components (assuming Voigt’s notation): e31, e33 and e15 [31]. The piezoelectric coeffi-
cient e33 is related to strain along the c-axis ( c−co

co
), e31 is related to the in-plane strain

(a−ao
ao

) and e15 is related to the polarization induced by a shear strain. Due to the larger
lattice constant of InN (table 2.1), InGaN layers are grown under compressive strain
on top of GaN. For InGaN quantum wells embedded in GaN layers, such piezoelectric
fields have a direct influence on the bandgap. The piezoelectricity results in an electric
field that leads to a corresponding inclination of the conduction and valence bands in
the quantum well (figure 2.6), which in turn leads to a redistribution of the electrons
and holes and a consequent separation of carriers. This effect (quantum confined Stark
effect) reduces the overlap between the wave functions of the charge carriers and hence
the recombination probability, in addition to the fact that the effective bandgap shrinks.
This is discussed as a major cause for the reduction of the quantum efficiency for GaN-
based LEDs and laser diodes emitting in the green spectral region and beyond, due to
the high indium content in the quantum wells needed for such long wavelengths.

In order to reduce the strong internal piezoelectric fields along the c-direction, it is
desirable to grow GaInN-GaN hetero-structures with reduced or completely vanished
internal fields. This is possible by redirecting the compressive (biaxial) strain to other
planes than the generally used {0001} crystal plane (c-plane) (see [32] and the references
therein).
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Figure 2.7: Calculated piezoelectric field in strained Ga0.9In0.1N on GaN as a function
of the polar angle from the [0001] direction. Reproduced with permission
from [34]. Copyright 2000, the Japan Society of Applied Physics.

Figure 2.2 depicts some of the commonly used crystal planes for GaN growth with dif-
ferent degrees of polarization. The calculated longitudinal piezoelectric field in strained
Ga0.9In0.1N on GaN as a function of the polar angle from the [0001] direction is illus-
trated in figure 2.7. Despite that other calculations concluded that the model in figure
2.7 is an underestimation [33], both models conclude that the electric field vanishes
completely for crystal facets perpendicular to the c-plane, i.e. for the the nonpolar m
{11̄00} and a {112̄0} planes. This has also motivated us to investigate core-shell InGaN
quantum wells around GaN nano-tubes and GaN micro-structures (discussed in chapter
4) since they promise vanishing polarization fields on their non-polar crystal planes.
Given the same crystal quality as conventional c-plane layers, quantum wells grown on
the afore-mentioned nonpolar planes thus promise a higher electron-hole recombination
probability leading to a consequent increase in quantum efficiency.

2.5 Thermal Stability

Due to the small ionic radius of nitrogen, crystalline bonds for the III-nitrides have a
strong ionic character which makes them chemically and physically stable [13]. Except
for InN, the thermal decomposition limit of III-nitrides is much higher than that of other
common III-V and II-VI semiconductors like GaAs and ZnO, respectively. InN is the
least stable group III nitride as shown in figure 2.8. This makes it difficult to grow
InGaN layers at the same temperature, V/III ratio (ratio between ammonia supply to
the group III supply) and pressure as those optimized for GaN layers (subsection 2.7.3).
This in turn necessitates the growth of GaN barriers embedding the InGaN quantum
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Figure 2.8: Equilibrium vapor pressure of N2 over AlN, GaN and InN, the sum of As2
and As4 over GaAs, and the sum of P2 and P4 over InP. Reprinted with
permission from [35]. Copyright 1992, with permission from Elsevier.

wells at lower temperatures to prevent indium desorption, and consequently limiting
their crystal qualities. Also, indium incorporation into InGaN layers is influenced by the
InGaN growth temperature (subsection 2.7.3). This fact will be raised as an argument
for the successful growth of coaxial InGaN layers around GaN-tubes (chapter 4).

2.6 Substrates for Hetero-Epitaxy

A suitable substrate material shall meet some critical criteria for the realization of high
quality epitaxially grown structures. Same crystal symmetry as the grown layers is an
essential characteristic for a good substrate since the substrate defines the direction of
growth for the next layers. Also, low lattice mismatch is very critical for the prevention
of high strain levels in the crystal that could relax into defects and propagate along the
crystal (section 2.3). Finally, the substrate shall be thermally and chemically stable for
the required epitaxial and processing steps [36].
Gallium nitride is the main material used in III-nitride based devices. This makes it

the best substrate candidate for this material system. However, the synthesis of bulk
GaN material is fairly difficult mainly due to the strong ionic bond nature that leads to
a high melting point in addition to the high equilibrium pressure at the melting point.
This makes it difficult to grow GaN crystals from a liquid melt and hence to be grown
as a normal bulk material [37].
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Substrate Crystal structure Lattice constant (a) [Å] Lattice constant (c) [Å]

W-GaN wurtzite 3.1885 5.185
Al2O3 rhombohedral 4.758 12.982
ZnO wurtzite 3.2496 5.2065

Table 2.5: Material properties of different substrate materials for GaN epi-growth [38].

2.6.1 Sapphire

C-plane sapphire is our substrate of choice within this work for the growth of GaN micro-
and nano-rods, N-polar GaN layers as well as for GaN pyramids. Despite its large lattice
and thermal expansion mismatch with GaN around and beyond 700K (tables 2.5 and
2.6), c-plane sapphire (Al2O3) could be regarded as the most commonly used substrate
for the AlGaInN system. Sapphire possesses a hexagonal structure, excellent thermal
stability, high bulk crystal quality and is relatively cheap compared to other substrates.
On the other side, the lattice mismatch is fairly high (15%) [29, 30], likewise the high
thermal expansion mismatch often leads to compressive strain in GaN layers. Despite
these problems, high quality GaN layers (with low temperature PL line-widths as narrow
as 1meV for the donor bound exciton emission) could be achieved with appropriate
nucleation recipies [16].

2.6.2 Zinc Oxide

ZnO has been considered as one of the most promising substrates for epitaxial growth
of group III-nitrides, because they share the same crystalline symmetries and the lattice
mismatch between them is only 4.2%, 1.9%, and 9.3% for AlN, GaN, and InN, respect-
ively. In particular, according to Vegards law, In0.18Ga0.82N is exactly lattice matched
to ZnO in the a-axis direction and there is a possibility that InGaN films without any
misfit dislocations would grow on this substrate [41]. ZnO also has a reduced thermal
expansion coefficient mismatch with GaN compared to sapphire which allows for lower
thermal strain (table 2.6). For coaxial GaN around ZnO nano-pillars, the thermal ex-
pansion coefficient along the a-axis is the one of interest. In addition, ZnO exhibits an
equally large band gap of 3.37 eV [42] which makes it a suitable substrate for optical
excitation investigations of overgrown InGaN layers.

On the other side, ZnO has a very low thermal stability at temperatures above 650 ◦C

Substrate αa [10−6K−1] αc [10
−6K−1]

W-GaN [39] 5.59 3.17
Al2O3 [39] 7.5 8.5
ZnO [40] 4.31 2.49

Table 2.6: Thermal expansion coefficients at 300K of different substrate materials for
GaN epi-growth.
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where it can easily decompose and gets etched away in the presence of H2 and NH3.
These conditions are necessary for high quality GaN layer growth. Moreover, ZnO
decomposition leads to an increase in the atomic diffusion of Zn causing poor epilayer
growth of GaN and leading to formation of thick interfacial layers. These interfacial
layers have been identified as Ga2ZnO4 with quite poor crystalline quality, negating the
advantages of the lattice-matched substrate [41]. This still gave an edge for sapphire as
a better substrate for GaN buffer layers and GaN based devices.

Nevertheless, the growth of vertically aligned well ordered ZnO nano-pillars using
vapor transport methods is relatively easy [10] and well established in our lab. This
has motivated us to investigate the epitaxial casting of GaN around ZnO nano-pillars
(subsections 3.2.1 and 3.2.2). Therefore, we have established a multi-layer growth process
for the growth of GaN layers around ZnO nano-pillar templates by MOVPE where
even the ZnO etching can be controlled for the realization of GaN nano- and micro-
tube structures (subsection 3.2.1) [43,44]. Hence ZnO nano-pillars were considered as a
promising tool for the realization of a new kind of structure (the nano- and micro-tube)
and the next challenge was to achieve a fair crystalline quality for the overgrown GaN
and InGaN coaxial layers.

2.7 Metalorganic Vapor Phase Epitaxy

2.7.1 Overview

Metal-organic vapour phase epitaxy (MOVPE) is today the commercially most import-
ant epitaxial growth method for III-V semiconductors, and it is the growth technology
employed throughout this work. It dates back to the late 1960s with the work of Man-
asevit and co-workers [45]. MOVPE typically takes place at low pressures (typically
100 hPa). A carrier gas that is saturated by the material for crystal growth (in the form
of precursor molecules) flows over the substrate. For the growth of GaN, trimethyl-
gallium (TMGa), triethyl-gallium (TEGa) and ammonia (NH3) are the precursors in
use. Similarly, trimethyl-indium (TMIn) is used together with TEGa and NH3 for the
growth of InGaN layers. All precursors decompose at the elevated temperatures used
for epitaxy, typically 1000 ◦C to 1110 ◦C for GaN and 750 ◦C to 850 ◦C for InGaN, and
the elemental species (Ga, N and In) are incorporated into the GaN crystal. A thorough
description of MOVPE processes has been given by Stringfellow [46].

Hydrogen and nitrogen are used as carrier gases. The sources for the group III elements
are in liquid form (except for TMIn which is in solid form), and are extracted through
their vapor pressures by the carrier gas. They are stored in steel bubblers that are
maintained at constant adjustable temperatures in special water baths in order to control
their vapor pressure and, consequently, the molar supply of material into the reactor.
The hydrides are gaseous and are transported by their own bottle overpressure. The
gas flows of the different sources are controlled by mass flow controllers and transported
separately to a gas manifold before entering the growth reactor. Here, they are either
sent to the growth reactor, run line or bypassed to the exhaust, vent line. The sample
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2.7 Metalorganic Vapor Phase Epitaxy

Figure 2.9: Schematic of our AIXTRON AIX200RF MOVPE reactor. Reprinted with
permission from [47]. Copyright 2010, Ulmer Volltextserver.

rests on a susceptor that is heated by an inductive radio frequency coil (figure 2.9).
The sample is separated from the reactor walls by a quartz liner while the reactor
walls are continuously cooled by water flow. A vacuum pump downstream from the
growth reactor controls the reactor pressure through a throttle valve. Toxic components
are removed from the exhaust by a special filter (scrubber). The epitaxy system is
computer-controlled, and a growth recipe is executed. Such a recipe contains detailed
information on the flows of the different gases, temperature, pressures, and so forth.

Figure 2.10: Image of our quartz MOVPE growth reactor with RF heating coils.
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Figure 2.11: Schematic of the general process steps involved in MOVPE growth.

2.7.2 Growth Kinetics

For the epitaxial growth of GaN around ZnO nano-pillars as well as for the selective
area growth of GaN on a masked substrate, knowledge of the main limiting factors for
the epitaxial growth is quite useful. A schematic of the basic process steps involved in
MOVPE growth is illustrated in figure 2.11. Depending on temperature, epitaxial growth
can be allocated into three regions as shown in figure 2.12. In the low temperature region,
lower efficiency of precursor cracking and chemical reactions limit the growth rate as the
reaction rate depends on the temperature according to an Arrhenius law:

k = e
EA

KBT (2.5)

where EA is the activation energy and kB is Boltzmann’s constant. Moreover, the atomic
diffusion on the surface is restricted at these low temperatures due to the lower surface
mobilities of the atoms, which in turn can lead to hindering of a layer by layer growth
mechanism needed for high crystalline smooth layers. Also such low surface mobilities
of the adatoms usually lead to undesired growth on a mask material during selective
area epitaxy on masked substrates [28].
In the mass transport limited region, the temperature is high enough for precursor

cracking and the adatoms have enough energies for surface migration on the substrate.
The growth rate and layer composition are dependent on the molar supply of the group-
III precursor material in a linear manner and do not strongly depend on temperature [48].
The group-V elements are supplied in excess due to their easy desorption from the hot
layer surface in addition to their incomplete cracking in comparison to the group-III
counterparts [36, 46]. Thus, the growth rate within the mass transport limited region
is mainly governed by the group-III precursor supply. It is in that region where the

18
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optimization of GaN layers for best quality is possible and process parameters can be
controlled within a scalable scope.
The desorption limited region is characterized by high temperatures that lead to de-

sorption of atoms from the surface into the gas phase and even dissociation of the crystal.
Efficient precursor cracking is achieved, however, surface atoms have excess energy to
desorb into the gas phase. The growth rate then is temperature-dependent and not
linear with precursor supply.

2.7.3 MOVPE Growth of InGaN

MOVPE growth of InGaN layers with In content above 10% and high quality is con-
sidered as a big research challenge. Because of the low InGaN dissociation temperature
and high equilibrium N2 vapor pressure over the InGaN film, growth of InGaN requires
a low growth temperature [49]. A higher growth temperature is needed for a higher de-
composition rate of NH3, but it can also bring about thermal decomposition or thermal
etching of the grown InGaN layer. On the other hand, growth at low temperatures can
lead to the formation of metallic In droplets due to the shortage of reactive nitrogen [49].
Thus, InGaN growth requires very high V/III ratio (around 8000 in our studies) as well
as low growth temperatures (between 750 ◦C and 850 ◦C). In return low temperature
GaN barriers embedding the InGaN layer are inevitable for suppressing further InGaN
desorption during further growth at higher temperatures. Such GaN barriers are then
grown at temperatures far lower than those optimum for GaN growth (typically above
1050 ◦C), limiting further the crystal quality of the InGaN layers.

2.7.4 Selective Area Epitaxy

Selective area epitaxy (SAE) was the technique used in our studies to generate GaN pyr-
amids, micro-rods and nano-rods. In selective area epitaxy, spatially controlled growth
of an epitaxial layer occurs through openings in a masking material patterning the sub-
strate (figure 2.13). The mask material is typically a dielectric such as silicon dioxide
or nitride. In our studies silicon dioxide was used throughout the whole work. Based
on whether the desired structures shall be on the micro- or nano-scale, it is patterned
using optical or electron-beam lithography, respectively. The subsequent reactive ion
etching of the silicon dioxide was performed in a CF4 plasma. Another application of
SAE was employed throughout our work for the realization of the growth of single ZnO
nano-rods on top of the selectively grown GaN micro-pyramids (figure 2.14). In that case
epitaxial growth is favored over the c-plane top plateau of the pyramid in comparison
to the semi-polar facets of the pyramid (section 3.3).
In MOVPE selective area growth, gas-phase diffusion and surface migration have been

recognized as the two main mechanisms for the mass-transport of precursors [50]. In
the gas phase, concentration gradients are caused by the different precursor adsorption
profiles over the masked and open areas of the substrate surface. Moreover, for good
growth selectivity in the mask openings, surface migration of the atoms adsorbing on
the mask material shall be sufficient to reach the open mask areas. This depends on
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Figure 2.12: Schematic illustration of temperature dependence on growth rate in
MOVPE. Adapted with permission from [28]. Copyright 2010, Cuvillier
Verlag, Göttingen.

Figure 2.13: Schematic illustration for the selective area epitaxial growth of rods and
pyramids.
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Figure 2.14: Single ZnO nano-pillars on top of selectively grown GaN micro-pyramids.

the temperature-dependent surface diffusion coefficient of the mask material, the mean
lifetime of the adsorbed precursor and the precursor concentration in diffusible status on
the surface [51]. Consequently, taking into account the afore-mentioned mass-transport
mechanisms, there’s a strong correlation between the geometry of the mask and the
deposition rate in the mask openings.
Considering a simple mask geometry with regularly spaced and infinitely long masked

regions (stripe geometry), the filling factor (FF) is defined as the ratio between the area
of the exposed substrate period to the total area including the masked region as shown in
figure 2.15 [52]. Assuming perfect selectivity for a mask geometry with circular openings
that are periodically placed in grid square arrangement (figure 2.16), the effective growth
rate is then expected to be

reff = r0 ·
Acell

Aopen

= r0 ·FF (2.6)

where r0 is the growth rate for an unmasked substrate, Aopen is the area of the exposed
substrate and Acell is the area of the square unit cell. As will be described in chapter 5,
this will be quite useful for calculating the required molar flows in the reactor to attain
our targeted sizes of our selectively grown GaN micro- and nano-rods. As mentioned in
section 2.1, depending on the dominant polarity of the selectively grown structures along
their growth direction, GaN vertical rods (N-polar) with non-polar side facets and GaN
pyramids (Ga-polar) with semi-polar facets can be achieved (figure 2.17). The epitaxial
procedure necessary for polarity control will be discussed in chapter 5.
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Figure 2.15: Schematic illustration: filling factor (xopen

xtotal
) of a one dimensional period on

a masked substrate.

Figure 2.16: Sketch of a masked substrate with openings periodically placed in a grid
square arrangement. Aopen is the area of the exposed substrate whereas
Acell is the area of the square unit cell.
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Figure 2.17: Selectively grown GaN micro-rods (left) and GaN micro-pyramids (right).

2.8 Characterization Methods

2.8.1 Photoluminescence

Photoluminescence (PL) spectroscopy is employed throughout this work in order to in-
vestigate the layer quality, layer composition as well as the types of defects present.
A brief review of PL characterization of semiconductors is given in [53]. The emitted
photon energies in PL reflect the variety of energy states that are present in the semi-
conductor. A direct conduction band-to-valence band recombination is rarely observed
in PL spectra and recombination processes are usually observed with emission energies
lower than Eg. These processes include radiative recombinations such as excitonic re-
combinations, donor-acceptor recombinations as well as defect related luminescence [53].
Excitonic emission in GaN, especially the neutral-donor-bound exciton (D0X) recom-
bination as the dominant emission at low temperatures (below 50K), are clear signs of
successful GaN growth and their linewidths are a measure of material quality. Moreover,
the In content of the InGaN layers can be calculated from the energetical position of the
peak emission (chapter 4).
Two PL setups were employed throughout this work where the beam spot diameter

of the incident laser on the sample surface was the main difference. A He-Cd laser
with characteristic wavelength of 325 nm is used for both setups. The first setup had a
beam spot diameter of 0.15mm and was used for the characterization of GaN/ZnO and
coaxial InGaN overgrowth experiments (chapters 3 and 4, respectively). Despite that
the laser excites a very large number of structures on the sample for the afore-mentioned
setup, comparison with cathodoluminescence investigations of single rods revealed that
the resulting integral PL spectrum is indicative of single GaN-tube properties (discussed
in chapters 3 and 4). The second PL setup was used solely for measuring the room
temperature optical response of our structures in different gas environments (chapter
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6), where the spot diameter is around 15µm. The incident laser beam is focused using
an objective lens. Details for the construction of the micro-PL setup employed in these
measurements are given in [54]. The second PL setup offered an easier integration for
the especially designed gas-sensing chamber. In addition, it offered addressing a lower
number of structures with a higher excitation density (due to the focused laser beam).
It is still under question if the latter point is more beneficial for effecting a higher degree
of sensitivity to the adsorption or desorption of foreign species on the semiconductor
surface (chapter 6).

2.8.2 Cathodoluminescence

As opposed to using photons for the excitation of materials in photoluminescence, cath-
odoluminescence relies on interactions of keV electrons with matter. This leads to the
targeted photonic emission corresponding to the energetically equivalent recombination
channels in the material.

The typical diameter of an electron beam is in the order of nanometers and the
interaction volume of such a beam is in the order of 100 nm, which is at least one order
of magnitude smaller than the spot of a typical highly focused laser beam. With this tool
it was possible to investigate the spatial distribution of each luminescence peak observed
in the PL spectrum. For instance, how homogeneous the coaxial InGaN QW emission is
distributed along a submicron-tube on top of a GaN micro-pyramid is always a question
to be clarified for our overgrown coaxial InGaN layers. Cathodoluminescence (CL) can
prove that the main luminescence peak is emerging from the sidewalls of our GaN tubes
(or micro-rods) and not from the underlying pyramid nor from possible crystallinic
depositions on the SiO2 floor (sections 4.2 and 4.3). By varying the beam energy one
can also obtain depth resolved information, as the penetration depth of the electrons is
directly proportional to the beam energy. CL investigations were performed through-out
this study in cooperation with Dipl. Phys. Ingo Tischer and Dipl. Phys.Mattias Hocker
from the Institute of Quantum Matter, Semiconductor Physics group in Ulm University.
A detailed description of the CL setup employed during our investigations can be found
in [55].

2.8.3 Scanning Electron Microscopy

For investigating the shapes of the grown micro-and nano-structures (ZnO nano-pillars,
GaN submicron-tubes and GaN micro-rods), scanning electron microscopy (SEM) was
employed. This is due to the much higher magnification possibility down to the nano-
meter scale in comparison to optical microscopes. For detailed explanation of the op-
eration principle of SEM, please refer to [56]. The electron beam is generated from a
Schottky Field Emitter and can be accelerated by voltages ranging from 0.2 to 30 kV,
resulting in resolutions of 4 nm and 1 nm, respectively.
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2.8.4 Transmission Electron Microscopy

For studying the nature of defects in the overgrown GaN layers and observing the features
(thickness, homogeneity and crystallinity) of the coaxial InGaN layers, transmission
electron microscopy (TEM) was used. For a detailed description of TEM principles
and setup please refer to [57]. In practice, the sample thickness has to be of the same
order of magnitude as the mean free path of the electron. This has prevented some
of our GaN tube structures from extensive TEM investigations, however a number of
GaN nano-tube structures were successfully investigated using TEM to reveal good
quality as described in subsection 3.2.1. TEM investigations for our structures were
performed by two groups. The first is the group of Professor Catherine Bougerol in
the ”Nanophysics and Semiconductors” laboratory, CNRS-Néel institute in Grenoble,
France. They investigated our thin GaN nano-tubes (wall thickness between 40 and
60 nm) grown around seed-layer structured ZnO pillars (section 3.1 and subsection 3.2.1).
The second TEM investigation for our thick GaN tubes (wall thickness around 500 nm)
positioned on top of GaN pyramids was organized by Dr.Timo Aschenbrenner, Institute
of Solid State Physics, Bremen University (subsection 4.2.1).
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3 GaN Overgrowth around ZnO
Nano-Pillars

As mentioned in the introductory chapter, the growth of vertically aligned and well
ordered ZnO nano-pillars is relatively easier and better established as confirmed by the
larger number of publications in comparison to GaN using vapor transport methods [10].
Therefore, we were encouraged to use ZnO nano-pillars as a growth template to realize
GaN structures with the same shape and configuration. In addition, ZnO is a very
suitable tool for realizing a GaN tube structure with a larger surface to volume ratio than
a typical rod after its controlled desorption during GaN overgrowth. This chapter aims at
introducing the multi-layer growth procedure employed for the successful GaN hetero-
epitaxy around ZnO nano-pillars and generation of GaN nano-tubes. Furthermore, a
description of the different approaches investigated for the position control of single ZnO
nano-pillars is provided. First, the growth method used to achieve uniform and up-right
ZnO nano-pillar templates is described (the seed-layer method), followed by a discussion
of the multi-layer growth approach together with extra investigations for exploring the
limitations of GaN overgrowth around ZnO nano-pillars. Finally, a comparison between
the different position control measures attempted for single ZnO nano-pillars is discussed.

3.1 ZnO Nano-Pillar Growth using the Seed Layer

Nucleation Approach

All ZnO nano-pillar growth experiments were performed in a horizontal temperature
three-zone oven equipped with a quartz glass liner tube1 (figures 3.1 and 3.2). As a
first approach to investigate GaN/ZnO hetero-epitaxy (following section), we relied on
ZnO nano-wire templates with uniform, up-right and c-axis orientation grown using seed
layer nucleation [58]. As shown in the inset of figure 3.3 (b), direct growth on a bare
sapphire substrate without any nano-seeds results in nano-pillars without the up-right
orientations. This necessitates the initial growth of nano-seeds as nucleation sites for
the nano-rods to be grown in a second step. A thin (10-15 nm) nano-seed layer of ZnO is
deposited on a-plane sapphire substrate with zinc acetate dihydrate as a precursor and
an argon/oxygen mixture as carrier gas (figure 3.3 (a)). The sublimating precursor and
the a-plane sapphire substrate are kept at 190 ◦C and 500 ◦C in the different zones of
the furnace, respectively (figure 3.1). The growth process takes 3 minutes. In a second

1Performed by Dipl. Phys.Manfred Madel, Semiconductor group, Institute of Quantum Matter, Ulm
University. Dissertation is expected to be published in 2015.
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Figure 3.1: Schematic illustration of a three heating zone furnace employed for the ZnO
nano-pillar growth. Sketch by Manfred Madel, Semiconductor group,
Institute of Quantum Matter, Ulm University.

step, ZnO nano-wires were grown on the nano-seeds using a precursor mixture of ZnO
and graphite powders (figure 3.3 (b)). Precursor powder and the substrate are kept at
1060 ◦C and 850 ◦C, respectively, with argon as a carrier gas. The typical growth time
is 1 hour.
The seed-layer approach is highly reliable in terms of reproducing hexagonally shaped

rods having up-right c-axis orientation (figure 3.3 (c) and (d), respectively). However,
a drawback of the seed-layer approach is the lack of position control measures for the
grown rods since the nucleation seeds are randomly deposited and their densities could
vary from one process run to the next or even between two different positions on the same
sample. This has motivated us to investigate other position control measures. However,
due to its simple fabrication and sole availability at the start of our studies, the seed
layer approach was still used for investigating the multi-layer approach for GaN/ZnO
hetero-epitaxy (following section).

Figure 3.2: Photograph of the employed furnace for ZnO nano-pillar growth.

28



3.2 GaN/ZnO Hetero-Epitaxy

Figure 3.3: (a) SEM image of the as-prepared seed layer, (b) SEM image of the perfectly
aligned ZnO nano-wires (inset: irregular growth on a bare substrate for
comparison), (c) SEM top-view of the nano-wires showing their hexagonal
geometries, and (d) HR-TEM image of the sapphire/ZnO interface showing c-
axis orientation of the ZnO nano-rods. Reprinted with permission from [58].
Copyright 2009, with permission from Elsevier.

3.2 GaN/ZnO Hetero-Epitaxy

The optimized growth conditions for high quality GaN layers are very harsh for the
stability of ZnO nano-pillars (sections 2.6 and 2.7). The thermal instability of ZnO at
temperatures above 650 ◦C and its chemical etching in H2 and/or NH3 ambients leads
to the loss of their up-right ordering [59]. L.C.Chen et al. observed that etching of ZnO
films takes place by hydrogen treatment at 450 ◦C resulting in ZnO nano-structures [59].
This was attributed to decomposition of ZnO into elemental zinc and water vapor. A
similar effect is expected with NH3 treatment at high temperatures due to its partial
cracking. This is a major challenge for this kind of hetero-epitaxy and can negate the
attractive properties of ZnO as a candidate substrate for GaN overgrowth. Figure 3.4
shows seed-layer grown ZnO nano-pillars directly overgrown with GaN at 900 ◦C, where
the afore-mentioned loss of up-right ordering is depicted2. In the following, the multi-
layer approach developed for tackling the afore-mentioned epitaxial problem is discussed.

2During this growth, even inert nitrogen was used as a carrier gas, thus the sole effect of thermal
stability of the rods can be seen.
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3 GaN Overgrowth around ZnO Nano-Pillars

Figure 3.4: ZnO nano-pillars directly overgrown with GaN at 900 ◦C using nitrogen as a
carrier gas. ZnO-pillars were grown using the seed layer approach.

3.2.1 The Multi-Layer Growth Approach

Based on the work of S.B.Thapa et al. with respect to GaN overgrowth on bulk ZnO
layers [60] and around ZnO nano-pillars [44], there are critical points to be considered
for this type of hetero-epitaxy. The first is a thermally stable GaN buffer layer as
an epitaxial cast of the ZnO pillars that can survive the ZnO decomposition without
loss of the shape of the original pillars. This layer is grown at low temperature (550–
650 ◦C) using nitrogen as a carrier gas as to protect the ZnO-pillars from etching at the
onset of the overgrowth process. Moreover, the NH3 flow is dramatically increased for
this layer (up to 4000 sccm) in order to compensate its inefficient cracking at this low
temperature regime. The second point is the need for an intermediate-temperature layer
that minimizes the expected Zn or O atomic diffusion from the interfacial cast layer into
the final GaN layers overgrown at higher temperatures (above 1000 ◦C). In the best case,
the final high temperature GaN layers enact growth within the mass-transport regime
(subsection 2.7.2) and thus achieve higher crystal quality.
For this type of overgrowth, the resulting coaxial layers may suffer from an undesired

impurity doping with elemental species of the etched ZnO as a result of their atomic
diffusion at high temperatures. This point is critical since it leads to lower material
quality in addition to the rise of an undesired broad luminescence in the emission spectra
[61]. This is manifested in the broad blue luminescence around 2.87 eV for Zn-doped
GaN layers which lies in a spectral region close to our targeted coaxial InGaN quantum
wells emission3 [61]. Consequently, confirming quantum well emission in PL or CL
gets more difficult. Therefore, inserting a shield for the atomic diffusion of Zn atoms

3The nature of this broad luminescence is discussed later while explaining the spectrum in figure 3.12.
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3.2 GaN/ZnO Hetero-Epitaxy

Figure 3.5: Bright-field TEM images with inserted electron diffraction (ED) patterns of
ZnO nano-pillars epitaxially casted with GaN using double layer overgrowth
at 550 and 800 ◦C (a) and single layer overgrowth at 600 ◦C (b). Reprinted
with permission from [44]. Copyright 2008, with permission from Elsevier.

is critical during such overgrowth and is achieved by the low temperature cast and
intermediate layers. However, these low temperature layers are of very poor material
quality and rough surfaces (and were characterized to have stacking faults) which dictates
the necessity for growth at higher temperatures for achieving higher crystallinity and
layer smoothness. In this respect, the multi-layer approach was developed to achieve a
compromise between impurity doping and crystal quality. In summary, the main target
of the multi-layer growth method is to realize highly crystalline coaxial layers without
the loss of the ordering of the ZnO pillars and still achieve their complete desorption.
In the following, we will discuss the crystal quality evolution of the layers throughout
the multi-layer approach which was introduced in [44].
S.B. Thapa et al. investigated the epitaxial quality of coaxial GaN around ZnO nano-

pillars using single layer overgrowth at 600 ◦C vs double layer growth at 550 ◦C and 800 ◦C
using a nitrogen carrier gas [44]. The authors confirmed from the electron diffraction
(ED) pattern during transmission electron microscopy investigations, that the latter had
single crystalline wurtzite structure for the GaN with a [0001] growth direction (figure
3.5 (a)). However, growth at 600 ◦C without any further increase in temperature led to a
high density of stacking faults as demonstrated by the inserted ED pattern, where streaks
between the Bragg reflections are indicative of stacking faults on (0002) planes [44]
(figure 3.5 (b)). Both samples showed that the same hexagonal shape of the ZnO pillar
is preserved, however, the sheathed GaN layers revealed rough surfaces that are not
suitable for further overgrowth of InGaN layers. Even for the sample with double layer
overgrowth demonstrating a higher degree of wurtzite crystalline ordering (ED pattern in
figure 3.5 (a)), a very wide shoulder peak in low temperature photoluminescence (figure
3.6) still indicated poor crystal quality. Hence, despite the successful GaN sheathing
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3 GaN Overgrowth around ZnO Nano-Pillars

Figure 3.6: (a) SEM picture of ZnO nano-pillars after GaN double-layer sheath over-
growth at 550 and 800 ◦C. (b) Low temperature PL spectra of the sample in
(a) revealing a ZnO peak with a GaN related peak shoulder. Reprinted with
permission from [44]. Copyright 2008, with permission from Elsevier.

without loss of the up-right ordering of the ZnO pillars using the low temperature double
layer growth, further increase in temperature is inevitable for improving the crystal
quality. After further deposition of thin intermediate layers of GaN at 900 and 1000 ◦C
and finally a layer at 1050 ◦C using a carrier gas mixture of hydrogen and nitrogen,
ZnO desorption took place and hollow GaN nano-tubes with an average shell thickness
of 40–50 nm were created (figure 3.7). Also the ED pattern in [44] confirmed that the
tubes are single crystalline with a [0001] growth direction and no signs of ZnO in low

Figure 3.7: SEM picture of GaN nano-tubes generated after ZnO desorption. Reprinted
from [62]. Copyright 2009, with permission from IOP Publishing.
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3.2 GaN/ZnO Hetero-Epitaxy

Figure 3.8: Low temperature PL spectrum from a nano-tube ensemble illustrating an
intense GaN near-band-edge peak without signs of ZnO remains. Reprinted
with permission from [44]. Copyright 2008, with permission from Elsevier.

temperature PL were observed (figure 3.8). Thus, using this step-wise growth procedure
at different temperature regimes and the introduction of hydrogen during growth of
intermediate and final layers, GaN nano-tubes with high crystalline quality maintaining
the same ordering of the original pillar ZnO templates as well as full desorption of ZnO
were achieved.
During our studies, we have inserted annealing steps above 1000 ◦C for 1–2 minutes

Table 3.1: Multi-layer growth procedure for generation of GaN nano- and submicron-
tubes after controlled desorption of the original ZnO nano-pillar templates.
Growth parameters described for cover layer (CL), intermediate layers (ILs)
and final layer (FL). The reactor pressure during the total growth is 55 hPa.
The carrier gas ratio for N2/H2 in all intermediate and final layers is 4:1.

Growth parameter CL IL 1 IL 2 IL 3 FL

Temperature (◦C) 600 830 950 1020 1050
Time (min) 10 6 9 6 6
V/III ratio 6400 4900 3250 3250 3250

Carrier gas N2 N2/H2 N2/H2 N2/H2 N2/H2
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3 GaN Overgrowth around ZnO Nano-Pillars

Figure 3.9: Schematic illustration of the multi-layer growth approach employed for GaN
overgrowth around ZnO nano-pillars. Short annealing steps without any
precursor supply are inserted between the longer growth steps.

to allow for recrystallization of the low temperature buffer layers (figure 3.9 and table
3.1). Annealing also was observed to achieve smoother surfaces of the buffer layers
as shown later in subsection 3.2.2. Nano-tubes grown using the multi-layer approach
with annealing steps were scratched on TEM grids and investigated as a further check
of crystal quality (figure 3.10). The cross-section of the tubes proved that they are
totally hollow confirming the complete desorption of the ZnO pillars. Furthermore, it
was confirmed by our TEM partner group that no clear signs of the expected defects,

Figure 3.10: SEM and HR-TEM images of scratched hollow GaN nano-tubes at differ-
ent magnifications. Investigations performed by Catherine Bougerol, Nan-
ophysics and Semiconductors laboratory, CNRS-Néel institute, Grenoble,
France.
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Figure 3.11: Compositional (Ga and Zn signals) line profiles for a GaN nano-tube meas-
ured using energy dispersive X-ray spectroscopy. Reprinted by permission
from Macmillan Publishers Ltd: [nature] (vol. 422, pp. 599602, 2003),
copyright 2009 [63].

such as stacking faults, were observed during the TEM investigation.
As a further check of the crystal quality of a single tube, several trials in low tem-

perature cathodoluminescence of the scratched single tubes using the whole span of
acceleration voltages possible were attempted. However, no clear luminescence of the
band edge emission of GaN was observed. It is expected that a certain threshold thick-
ness for the shell is needed for an observable CL luminescence signal, given the current
crystal quality of the nano-tubes4. J. Goldberger et al. have shown using energy dispers-
ive X-ray spectroscopy (EDX) compositional profiling across a single GaN nano-tube
after the desorption of the ZnO pillar, that the inner surface of their GaN nano-tubes
had higher concentration of atomic zinc than the outer surface (figure 3.11) [63]. As
discussed in the following PL characterization, zinc impurities introduce acceptor like
centers in GaN [61, 64]. Hence we believe that the existence of a lower energy carrier
recombination path (acceptor levels introduced by zinc impurities) within the reach of
the excited electrons hinders the GaN band-edge CL emission signal.
Figure 3.12 shows a low temperature PL spectrum measured on-wafer from a nano-

tube ensemble grown using the multi-layer procedure in table 3.1 with annealing steps,
where the spot size of the exciting laser was around 150 µm. A sharp peak of the
donor bound exciton (D0X) emission at 3.46 eV with a FWHM of 23 meV reconfirms
a fair material quality of the deposited GaN layers. Comparing figures 3.8 and 3.12,
we concluded that adding annealing steps do improve the crystal quality. As compared
to CL, the laser beam in PL excites thousands of nano-tubes, thus overcoming the
problem of weak signal of single tube structure. We believe that the integral PL spectrum

4This was confirmed for the thicker tubes presented in the next chapter (average shell thickness of
400 nm), where a GaN band-edge signal was possible to measure from a single tube in CL under
4 kV excitation energy with a FWHM of 80meV.
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Figure 3.12: Low temperature PL spectrum from a nano-tube ensemble with an intense
GaN near-band-edge peak and blue luminescence around 2.9 eV indicating
impurities induced by Zn atoms.

from a large number of nano-tubes is indicative of the average single tube emission
characteristics. This is based on the fact that CL emission of the GaN band-edge from
a single thicker nano-tube presented in the next chapter showed even a higher linewidth
of 80 meV.

Monemar et al. [61] have established that Zn doping introduces four acceptor like
centers in GaN responsible for the broad red, yellow, green, and blue luminescence
bands peaking at about 1.8, 2.2, 2.6, and 2.9 eV, respectively. At moderate Zn doping
levels (below 1019 cm−3), only the blue 2.87 eV emission is observed. We thus attribute
the blue luminescence centered at around 2.9 eV in figure 3.12 to radiative transitions
from shallow donors (or the conduction-band electrons) to acceptor levels associated
with the atomically diffused Zinc atoms into the overgrown GaN [61, 64]. Despite the
improved crystallinity of the layers by insertion of annealing steps (figures 3.8 and 3.12),
they gave rise to the afore-mentioned blue luminescence. Hence, the time of such high
temperature annealing steps was chosen not to be longer than 2 minutes. In the next
subsection, additional investigations are presented to explore the epitaxial parameters
affecting the degree of the afore-mentioned zinc diffusion into GaN. The peaks around
3.28 eV and 3.19 eV in figure 3.12 are believed to originate from donor-acceptor pair
(DAP) recombinations with their phonon replicas, respectively [65]. Again, no clear
signs of ZnO remains (around 3.37 eV) were visible in PL.

Despite the fact that no intense GaN band edge luminescence was observed using CL
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3.2 GaN/ZnO Hetero-Epitaxy

for the coaxially grown GaN using the multi-layer with annealing steps, the PL and TEM
investigations confirmed good crystal quality, complete ZnO desorption from the GaN
nano-tube, no signs of stacking faults and low concentration level of zinc impurities.
Thus, the afore-mentioned growth procedure will be our choice for proceeding as a
template for further experiments with the coaxial InGaN quantum wells (chapter 4).

3.2.2 Experiments for Exploring Overgrowth Limitations of GaN

around ZnO Nano-Pillars

In the following, we have investigated the effects of different growth parameters on the
firstly grown GaN sheath layer. Since the crystal quality and roughness of this casting
buffer layer has a big influence on the respective properties of the following layers, we
aimed at exploring its “ epitaxial growth boundaries”. The following questions were
raised:

• What is the maximum temperature for the GaN sheath layer without loss of the
ordering of the ZnO templates?

• What is the effect of annealing on the shape, roughness and crystal quality?

• What is the influence of the carrier gas on the roughness and crystal quality?

Effect of Temperature

At first the temperature of the sheath layer was raised from 600 ◦C to 800 ◦C and the
growth time was 25 minutes where still nitrogen carrier gas was used. V/III ratio was
4500 and the pressure was kept at 55 hPa (sample Y1463). The shape of the overgrown
crystals featured rough surfaces (figure 3.13) and a diameter increase of around 200 nm
was observed. It was clear that no loss of shape of original template ordering occurred.
The spectrum (figure 3.14) was mainly characterized by basal plane stacking fault lu-
minescence around 3.41 eV as well as a shoulder peak at 3.38 eV that is believed to
be related to ZnO remains. Due to the longer growth at low temperatures, crystallite
depositions on the substrate floor were observed.
For checking the maximum possible temperature of the first cover layer, sample Y1463

was reproduced but the temperature was raised to 900 ◦C. As shown earlier in figure 3.4,
the pillars lost their ordering and it was concluded that the highest temperature for the
direct overgrowth of the cover layer shall be between 800 and 900 ◦C.
As a summary of the above two experiments, we concluded the following:

• Sheath layer growth up to 800 ◦C in nitrogen atmosphere can maintain the shape
of the ZnO nano-pillars.

• The coaxially grown GaN at 800 ◦C is characterized mainly with crystallites pro-
ducing stacking fault luminescence.
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3 GaN Overgrowth around ZnO Nano-Pillars

Figure 3.13: SEM pictures of ZnO nano-pillars sheathed with GaN at 800 ◦C. Formation
of rough crystallites is observed.

• Growth at 800 ◦C resulted in an increase of rod diameter indicating a growth rate
of around 8 nm/minute.
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Figure 3.14: Low temperature PL spectrum of ZnO nano-pillars sheathed with GaN at
800 ◦C.
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Effect of Annealing

As a next step, sample Y1463 (figure 3.13) was brought back into the reactor and an-
nealed at 1000 ◦C under NH3 for 8 minutes. This revealed much smoother surfaces of
the overgrown GaN layers (figure 3.15). The resulting PL spectrum showed loss of all
previously observed luminescence5 (the stacking fault luminescence and the GaN near
band-edge shoulder). Moreover, the annealed ZnO/GaN pillars were completely sealed
showing no ZnO desorption. Such loss of signal is believed to be due to the formation
of Ga2ZnO4 interfacial layers with quite poor crystalline quality [41, 66]. This could
be enhanced due to the increased effective annealing time with an extra heat-up step
of 15 minutes during the growth interruption. This encouraged us to reproduce sample
Y1463 and continuously anneal it under the same conditions without any interruption.
The growth temperature however was raised from 800 ◦C to 850 ◦C to check if it will be
within the allowed temperature range before loss of rods’ ordering (figure 3.16). Desorp-
tion of the ZnO was noticed as hollow nano-tubes with smooth surfaces were observed.
The resulting spectrum showed intense blue luminescence as a sign of an increased zinc
impurity incorporation as well as a GaN near-band-edge peak around 3.45 eV without
strong signs of stacking fault luminescence. Moreover, no ZnO luminescence was ob-
served in low temperature PL.
From the previous experiment, it was concluded that:

• Annealing of the cover layer is a necessary step to generate smooth layers after
growth at lower temperatures.

• Increase of annealing time at temperatures above 1000 ◦C is directly related to zinc
impurity incorporation into the coaxial GaN layers.

Effect of Carrier Gas

For comparison, the same growth procedure of sample Y1463 was reproduced but using
hydrogen as a carrier gas (sample Y1466). The resulting structures showed lower growth
rate of coaxial GaN and even rougher surfaces as shown in the SEM image in figure 3.17.
ZnO-pillar etching is believed to have occurred from the sides and top of the rods during
the GaN deposition resulting in etched grooves on the coaxial GaN surface. The low
temperature PL spectrum shows a clear near band-edge GaN emission around 3.45 eV,
another emission around 3.38 eV that is believed to originate from ZnO remains as well
as an intense broad blue luminescence centered at 2.87 eV showing a high incorporation
level of Zn impurities into the GaN layers [64]. No signs of basal plane stacking faults
were observed as compared to the same structure grown using a nitrogen carrier.
Based on the investigations of Y.S. Cho et al. for planar GaN buffer layer growth on

c-plane sapphire [67], the carrier gas influences the size of the nuclei forming the firstly

5This experiment has been reproduced for confirmation and the afore-mentioned loss of luminescence
was still observed. From the SEM picture (figure 3.15), we could be sure that the GaN did not
desorb after the annealing process.
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3 GaN Overgrowth around ZnO Nano-Pillars

Figure 3.15: SEM picture and low temperature PL spectrum of a GaN sheath layer
grown around ZnO nano-pillars at 800 ◦C and annealed at 1000 ◦C for 8
minutes with a growth interruption under NH3 atmosphere. Spectrum be-
fore annealing is included for comparison.

grown GaN monolayer. Nitrogen produces a high density of closely spaced small nuclei
which coalesce shortly as growth further takes place in the high temperature regime.
Hydrogen, on the contrary, produces large nuclei by etching and redistributing the de-
posited GaN. Thus, the coalescence process takes longer under hydrogen and the nuclei
are larger when they coalesce leading to a higher coalescence thickness. Moreover, the
authors in [67] found that the edge type dislocation density correlates with the nuclei
size, and hence, with the carrier gas at coalescence: the smaller the nuclei size and the
higher the nitrogen content in the carrier gas, the higher the edge type dislocation dens-
ity. The afore-mentioned findings can explain our observations as we compared growth
under hydrogen and nitrogen. Larger coalescence time and thickness with hydrogen al-
lowed for the incomplete sheathing of the ZnO pillars during the initial growth, resulting
in etching from the sides and rough etched grooves on the coaxial GaN surface. The
larger nuclei size formed under hydrogen reduced the generation of stacking faults in
the coaxial layers and led to a more pronounced GaN band-edge emission as compared
to growth under nitrogen. The reason for the higher zinc impurity related luminescence
around 2.9 eV under hydrogen is still not clear. Despite the more pronounced near-
band-edge emission as a sign of better crystal quality, it was clear from this carrier gas
comparison that hydrogen shall be avoided during the first cover layer growth due to the
rougher surfaces (etched grooves). This is since the latter is critical for the homogeneity
of overgrown coaxial InGaN layers.
From this experiment, it was concluded that cover layer growth in hydrogen atmo-

sphere results in:

• Etching of the rods during growth leading to rough surfaces and a lower growth
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Figure 3.16: SEM picture and low temperature PL spectrum of a GaN sheath layer
grown around ZnO nano-pillars at 850 ◦C and annealed at 1000 ◦C for 8
minutes without a growth interruption under NH3 atmosphere.

rate in comparison to growth in nitrogen ambient.

• Intense blue luminescence (as a sign of high density of zinc impurity incorporation
into the coaxial GaN layers).

• A clear band edge emission of GaN as a sign of a better crystal quality in compar-
ison to growth in nitrogen ambient.
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3 GaN Overgrowth around ZnO Nano-Pillars

Figure 3.17: SEM image of ZnO nano-rods sheathed with GaN at 800 ◦C using a hy-
drogen carrier gas (left) and the respective low temperature PL spectrum
(right).

Figure 3.18: Up-right oriented ZnO nano-rods grown on patterned SiO2/sapphire sub-
strate using electron beam lithography. Etching of the nano-holes in the
SiO2 mask was achieved using reactive ion etching.
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3.3 Position Control Methods for ZnO Nano-Pillars

A drawback of the seed-layer approach (section 3.1) is the lack of position control meas-
ures for the grown rods. This is since the nucleation seeds are randomly deposited and
their densities could vary from one process run to the next or even between two different
positions on the same sample. Hence, a number of position control methods were in-
vestigated to develop a process where the position (and the diameter to a lower extent)
of the single nano-pillars could be controlled. Such higher degree of control would give
more reliable comparisons for the systematic investigations of growth parameters during
coaxial InGaN layers overgrowth.

Our first approach employed etched nano-holes in a SiO2 mask on sapphire using e-
beam lithography. The pattern was designed with a 200 nm hole diameter and a 2µm
period. Good growth selectivity and up-right oriented ZnO nano-rods (figure 3.18)
were obtained. The main drawback of this method was the time expense in terms of
availability of the e-beam lithography tool for the different series of samples. This is
in addition to the time needed for the e-beam writing process itself that usually takes
several hours per sample, depending on the resolution of the desired nano-holes and the
e-beam written area on the wafer.

As an alternative to e-beam lithography, another approach utilizing the structured
patterning of a thin metal catalyst layer using a monolayer of micro-sized polystyrene
spheres was attempted (figure 3.19). Around 2 nm of Au (or Ni) were deposited on the
a-plane sapphire followed by the deposition of a monolayer of polystyrene spheres with
a diameter of 1.5µm. Then the sample is treated on a hot plate followed by oxygen
plasma for fixing the spheres on the gold film and reducing their size, respectively.
Finally, the gold film in the open windows between the spheres is wet etched and the
spheres are removed in an ultrasonic bath. The final pattern of the gold catalyst takes
the form of the polystyrene sphere monolayer, where the periodic distance is dictated
by the diameter of the spheres, the time in oxygen plasma and the wet etching time
of the gold film. The ZnO pillar growth is thus enhanced mainly at the sites where
the gold catalyst is positioned by VLS (Vapor Liquid Solid) mechanism [68]. A SEM
picture of the subsequently grown ZnO pillars in an ordered form on the patterned gold
catalyst with diameters of 100-300 nm and lengths of 1-1.5µm is shown in figure 3.20.
Although this approach is more time- and cost-efficient than using e-beam lithography, it
suffers from incorporation of external impurities (gold or nickel) into the ZnO pillars and
further incorporation into the overgrown GaN layers is also expected. For GaN nano-
wires grown using such catalyst assisted approach, more basal-plane stacking faults were
observed compared to their respective catalyst-free growth as observed by extra peaks
in photoluminescence [5, 69]. Moreover, the overall integrated photoluminescence peak
intensity is a factor of 6 lower than for wires that are grown catalyst-free [5,69]. Finally,
frequent provision of metal impurities into the growth reactor is always undesired as to
avoid possible doping into GaN layers further grown in the same reactor.

Therefore, we have investigated a third approach that avoids the expense of e-beam
lithography and the use of metal catalysts. Growth of single ZnO nano-rods on top of
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Figure 3.19: Schematic illustration of a ZnO nano-pillar position control procedure em-
ploying the patterning of a thin metal catalyst layer using a monolayer
of micro-sized polystyrene spheres. Sample patterning performed by Dipl.
Phys. Manfred Madel, Semiconductor group, Institute of Quantum Matter,
Ulm University.

GaN micro-pyramids has been achieved (figures 3.21 and 3.22). This process is targeting
the generation of a submicron- or nano-scale plateau on top of the GaN pyramid with
c-plane crystal orientation (figure 3.23). Consequently, growth selectivity on the differ-
ent surface planes of GaN pyramids can favor single ZnO-rod growth [70]. The GaN
micro-pyramids were prepared using the selective area epitaxial technique (section 2.7.4)
employing a SiO2 masked GaN buffer template (figure 3.21). The employed SiO2 mask
thickness was 150 nm and the mask circular opening’s diameter is 3µm. The spacings
between the openings were 3µm and 10µm in two different areas of the mask. Using
this method, the position control of single ZnO nano-wires is achieved, however, the
degree of control of the subsequently grown ZnO rod diameters is relatively low since
they range between 200 and 700 nm. This is due to the range of plateau diameters
available on top of the selectively grown GaN pyramids, which still adds a high aspect
of sensitivity for the afore-mentioned position-control process. However, we have used
this process for the investigation of coaxial InGaN layer growth due to its relative high
degree of density control, time-efficiency and dispense of any catalyst impurities. The
optimized overgrowth conditions for the pyramids growth are summarized in table 3.2.

Applying the multi-layer overgrowth procedure described in table 3.1 results in hollow
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Figure 3.20: SEM image of ZnO pillars grown in an ordered form on the patterned gold
catalyst prepared using the approach illustrated in figure 3.19.

Figure 3.21: A schematic illustration of the employed procedure for the fabrication of
single ZnO nano-rods on GaN pyramids.
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Figure 3.22: SEM image of single ZnO nano-rod growth on single GaN pyramids.

GaN submicron-tubes (figure 3.24). It was observed that the diameter of the tubes is
larger than for the rods grown using the seed-layer method since the density is much
less for the new position-controlled rod growth, thus the filling factor is higher (section
2.7.4) and consequently the growth rate. Figure 3.25 shows the GaN tube after only the
cover layer and the first intermediate layer were grown and annealed. Smooth hexagonal
facets of the GaN submicron-tubes are clearly developing during the GaN overgrowth.
Moreover, figure 3.26 shows a totally hollow cross-section of such GaN tube-on-pyramid
grown using the full multi-layer approach after focused ion beam (FIB) treatment for
TEM preparation. This further confirmed the complete ZnO pillar desorption. This
structure (the GaN tube-on-pyramid complex) was chosen for further investigations of

Figure 3.23: SEM image of GaN pyramids with top plateaus for single ZnO rod growth.
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coaxial InGaN layers (chapter 4).

Table 3.2: Optimized overgrowth conditions for selective area growth of GaN pyramids
on SiO2 masked GaN template.

Growth parameter

Temperature (◦C) 1110
Time (min) 26
V/III ratio 565
Carrier gas H2

Figure 3.24: SEM image of single GaN submicron-tubes on GaN micro-pyramids.
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(a)

400 nm

(b)

Figure 3.25: Single GaN submicron-tube on top of a GaN micro-pyramid generated after
ZnO desorption (a) side view and (b) top view.

Figure 3.26: A cross-section of single hollow GaN submicron-tubes on top of GaN micro-
pyramids covered by platinum and cut by focused ion beam (FIB) during
TEM preparation. This investigation was performed in the institute of Solid
State Physics, Bremen University.
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4 Coaxial InGaN around GaN
Submicron-Tubes and Micro-Rods

Having developed a reliable method for the position-control of single ZnO nano-pillars
on top of GaN pyramids in addition to a multi-layer approach for generating GaN nano-
and submicron-tubes with fair crystal qualities, our next step was investigating the
epitaxial growth of coaxial InGaN layers. Targeted as the active layer where carrier
confinement is achieved, high quality InGaN coaxial layers are essential as a first step
towards a GaN submicron- or micro-LED. Also for the purpose of optically interfaced
sensing in different gas environments, coaxial InGaN quantum wells promise much higher
intensity emission at room temperature in comparison to pure GaN tubes or rods due
to confinement of carriers. This chapter addresses the key question: can our developed
GaN tube structure be a suitable template for successful coaxial InGaN overgrowth?
Therefore, the chapter is focusing on tracing the clear signs of coaxially grown InGaN
layers and identifying their growth challenges around our special type of structure. The
following extra questions are addressed:

1. How does the shape of the GaN tubes change after InGaN overgrowth?

2. As a sign of successful coaxial InGaN with fair quality, does the indium incorpor-
ation change as expected when the respective InGaN growth conditions (temper-
ature, precursor flows and pressure) are accordingly adjusted?

3. Are the coaxial InGaN layers homogenously grown around the GaN tubes with
same thickness and indium concentration from top to bottom and along the outer
circumference?

4. As for hetero-epitaxy of InGaN/GaN on foreign substrates, would growing thicker
GaN tubes as buffer before the InGaN growth lead to improved InGaN lumines-
cence?

5. How does the indium incorporation on the non-polar facets around the GaN tubes
compare to InGaN grown on polar planes?

6. How does the observed coaxial InGaN luminescence around the GaN submicron-
/micro-tubes compare to that coaxially grown around GaN micro-rods (grown
without any ZnO pillar templates)?

7. Can we confirm the tendency towards the expected non-polar recombination dy-
namic characteristics for the coaxially grown InGaN layers?
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The first section addresses coaxial InGaN growth experiments around the GaN tubes
with attempts to clarify points 1–3 in the previous list, focusing on observing clear
signs of their luminescence using PL and CL. In the second section, trials for comparing
the obtained results to GaN tube templates with thicker walls are presented (point
4). Also in the second section, TEM investigations for a sample with three coaxial
GaN/InGaN/GaN periods is discussed. In the subsequent section, selective growth of
GaN micro-rods on masked substrates without ZnO-nano-pillar templates are presented.
These are compared to the GaN tubes as another template for coaxial InGaN layers
(points 5 and 6). The final section presents time-resolved micro-photoluminescence
(TRPL) experiments as an investigation method to reflect the carrier recombination
dynamics in our coaxial InGaN layers.

4.1 Coaxial InGaN around GaN Submicron-Tubes

Our chosen epitaxial test structure for the coming experiments was a single coaxial
InGaN layer embedded by GaN barriers. Despite the fact that a larger number of coaxial
GaN/InGaN/GaN periodicities is expected to give more luminescence intensities, a single
coaxial InGaN layer is regarded as a better reference structure for systematic investiga-
tions of growth parameters. This is due to the fact that multiple coaxial InGaN layers
could result in a different indium (In) incorporation for each InGaN layer. The latter
argument is in view of differences in thermal load or different underlying strain levels for
each InGaN quantum well, leading to multi-peak luminescence during characterization.
Directly after the deposition of the final GaN layer of the multi-layer growth pro-

cess described in table 3.1, the temperature was reduced for the deposition of the
GaN/InGaN/GaN heterostructure using the conditions described in table 4.1. Based
on the challenges for MOVPE growth of InGaN described in section 2.5 and subsection
2.7.3, the following growth aspects were necessary during the epitaxy of InGaN and
barrier layers:

• Low temperature GaN barriers around the InGaN layers

• Complete nitrogen ambient

• Higher NH3 flows

• Increased reactor pressure

SEM pictures of the position-controlled GaN tubes with coaxial InGaN layers are
shown in figure 4.1. Due to the growth at reduced temperatures to realize epitaxial
InGaN layers and GaN barriers, the top part of the tubes was sealed by a pyramid-
shaped cap. This effect could be explained in light of a lower vapor-phase diffusion
length for both the In and Ga precursors, as well as reduced intra-facet migration of
adatoms at the lower InGaN growth temperatures [71]. This model will be discussed
further in detail to explain the observation of different growth rates along the tube
during the respective CL investigations (subsection 4.1.2 and section 4.2). Although
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Table 4.1: Growth conditions for a single InGaN layer and GaN barriers around GaN
nano- and submicron-tubes.

Growth parameter First barrier InGaN layer Second barrier Cap layer

Temperature (◦C) 885 755–830 885 1000
Time (min) 10 4 10 3

NH3 molar flow (mmol/min) 223 223 223 89
TMIn molar flow (µmol/min) - 9.24 - -
TEGa molar flow (µmol/min) 27.3 13.6 27.3 -
TMGa molar flow (µmol/min) - - - 58.6

Carrier gas N2 N2 N2 N2/ H2

Reactor pressure (hPa) 200 200 200 150

few structures without an InGaN layer showed the top tilted facets, all structures with
InGaN layers were completely sealed from the top. By mechanical contact, we were able
to separate single tubes on a different substrate (figure 4.2). The average wall thickness
of the tube was observed to be around 160 nm.

4.1.1 Photoluminescence Investigations

Figure 4.3 shows the low temperature photoluminescence spectra of GaN micro-tubes
with and without a single coaxial InGaN layer (grown at 795 ◦C) measured on wafer.
Two band-edge emission contributions for each of the two samples was observed at
similar energies, around 3.46 eV and 3.48 eV, respectively. The higher energy emission is
believed to originate from the compressively strained bulk GaN layer under the dielectric
mask. The less strained GaN in the pyramid and the GaN tube are believed to result in

Figure 4.1: SEM images of single hollow GaN submicron-tubes on top of GaN pyramids
after a single InGaN layer overgrowth.
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4 Coaxial InGaN around GaN Submicron-Tubes and Micro-Rods

Figure 4.2: SEM images of hollow GaN submicron-tubes with a single coaxial InGaN
layer scratched by mechanical contact on wafer (top) and separated on a
foreign sapphire substrate (bottom).

the energetically lower emission around 3.46 eV [72]. A similar red shifting behavior has
been observed during CL investigations between the selectively grown semipolar facets
of GaN stripes and the masked GaN layer by I. Tischer et al. [73]. The peak around
2.85 eV was dominant for both samples indicating strong zinc impurity incorporation.
The weaker luminescence around 3.33 eV was noticed as the main difference between the
two spectra. Such unexpected similarity between the two spectra could have different
explanations. Either that (1) the InGaN layer luminescence is lying within the broad
zinc impurity luminescence around 2.85 eV [64,74], or (2) the epitaxial InGaN layer has
very small In content and generates the new weaker luminescence around 3.33 eV, or
(3) possibly no epitaxial InGaN layer was deposited and the afore-mentioned weaker
intensity peak is related to other sources of luminescence such as structural defects.

In order to examine the afore-mentioned possibilities, CL investigations have been em-
ployed to trace the differences in the spatial distribution of luminescence in the following
subsection. In addition, a series of samples designed to have different In incorporations
was developed and discussed in subsection 4.1.3.
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Figure 4.3: Low temperature photoluminescence spectra of GaN submicron-tubes with
and without a single coaxial InGaN layer.

4.1.2 Cathodoluminescence Investigations

We have separated single tubes on TEM grids during cathodoluminescence (CL) in-
vestigations to exclude any parasitic luminescence from the substrate or the pyramid.
All CL investigations in this chapter were performed by Dipl. Phys. I. Tischer, Semicon-
ductor group, Institute of Quantum Matter, Ulm University. The CL spectrum of a
pillar without a coaxial InGaN layer was dominated by the peak at 2.85 eV with very
homogeneous luminescence distribution along the GaN tube (figure 4.4). Since we could
not observe very localized centers for the afore-mentioned broad luminescence, such ho-
mogeneous spatial distribution strongly supports the assumption that it is attributed to
transitions due to recombination centers introduced by the zinc impurities of an equally
homogeneous doping level along the GaN tube. The GaN band-edge showed a very
weak emission around 3.45 eV. We believe that the existence of a more energetically
favorable carrier population level or recombination path for the excited electrons during
CL reduces the probability for band-edge emission and hence its luminescence intensity.
The latter is manifested by the high density of zinc impurities introducing radiative
recombination centers within the band-gap [61].

For the sample with a single coaxial InGaN layer, the luminescence at 2.85 eV was
less homogeneous relative to the GaN tube without a coaxial InGaN layer (figure 4.5).
This difference in luminescence distribution between the two samples is a sign for the
successful low temperature growth of coaxial layers, otherwise the same homogeneous
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Figure 4.4: Spatially resolved cathodoluminescence spectrum (left), scanning elec-
tron microscope image and luminescence distribution from a single GaN
submicron-tube separated on a TEM grid (right). Luminescence has been
recorded over the full wavelength range of the right color-coded scale with
spectral window of 1.5 nm and a step size of 2 nm. CL investigation per-
formed by Dipl. Phys. I. Tischer, Semiconductor group, Institute of Quantum
Matter, Ulm University.

luminescence in figure 4.4 would be expected if no coaxial growth took place at the lower
temperatures. The afore-mentioned luminescence at 2.85 eV was more localized near the
bottom and very top of the GaN tube with a coaxial InGaN. The peak around 3.33 eV
also gave more localized luminescence near the bottom half of the tube (figures 4.5 and
4.6). This peak was marked as the main difference in the CL and PL spectra. Tracing the
luminescence along the GaN tube from bottom to top (figure 4.6), we observe that the
intensity of both luminescence types is reduced. Compared to the sample without coaxial
InGaN, the appearance of the new peak and the more localized impurity luminescence
indicated a varying structural property along the submicron-tube (discussed below).
As observed by cross-sectional imaging near the top and bottom of a GaN tube with

3 coaxial InGaN layers during STEM preparation (figure 4.21 in subsection 4.2.1), the
GaN tube had an increasing wall thickness from bottom to top. Thus, with regard to
the above CL findings, the low temperature layers resulted in darker luminescence in
the regions where they had higher thickness at the upper part of the GaN tube. This
could also explain the increased zinc impurity luminescence near the bottom part where
the injected CL electron bulb can penetrate easier through the thinner low temperature
grown layer and excite the heavily doped layers grown at the higher temperatures.
Similar to the observed growth rate difference along the tube structure, a growth

rate gradient for InGaN QWs across the facet of a GaN triangular micro-stripe was
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Figure 4.5: Spatially resolved cathodoluminescence spectrum (left) and luminescence
distribution from a single GaN submicron-tube with a single coaxial InGaN
layer separated on a TEM grid (right).

also observed in [75]. This effect was explained by combining a vapor-phase diffusion
model with surface migration effects of the group-III species [71]. During the lower
temperature growth of the GaN/InGaN period, the migration rate for precursors is less
than that during the growth of the underlying higher temperature layer of the GaN tube.
Moreover, the top of the tube is presumed to be in better contact to the stagnant layer
of precursors in the gas phase than the bottom part. Presuming a shorter vapor-phase
diffusion length for both the In and Ga precursors around 800 ◦C than at 1050 ◦C, we
can assume that the gas-phase concentration of precursors around the top of the tube is
higher during the GaN/InGaN period growth compared to the bottom. This is believed
to promote a higher growth rate near the top as similarly reported in [71] for a triangular
GaN micro-stripe structure.

Our next step was developing a series of samples designed to have different In incorpor-
ations as to check how would the InGaN luminescence respond accordingly (subsection
4.1.3). Also, as our structures proved to be highly doped with zinc impurities and we
only saw weak CL luminescence from our structures for the targeted InGaN emission, a
further check was growing the GaN/InGaN/GaN structure around a template of higher
material quality. There are two methods to achieve the afore-mentioned higher quality
template. The first is based on the fact that, as for planar GaN layers, thicker buffer
layers have higher crystal quality than thinner ones (section 4.2). For our structures,
this is achieved by elongating the final high temperature growth steps of the multi-layer
approach described in the previous chapter. Moreover, as J.Goldberger et al. [63] have
shown using energy dispersive X-ray spectroscopy (EDX) compositional profiling across
a single GaN nano-tube, the inner part of their GaN nano-tubes had higher concentra-
tion of atomic zinc than the outer part (figure 3.11). Hence, we believe that the further
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4 Coaxial InGaN around GaN Submicron-Tubes and Micro-Rods

Figure 4.6: Spatially resolved cathodoluminescence spectrum measured from bottom to
top along a single GaN submicron-tube with a single coaxial InGaN layer.

the quantum well is placed from the heavily impurity-doped inner part of the tube, the
higher is its expected luminescence due to the improved template quality. The second
alternative method for realizing a template of higher material quality is overgrowing the
InGaN layers around a GaN micro-rod without any original ZnO pillar template, which
will be discussed in section 4.3.

4.1.3 Coaxial InGaN with varying Indium Content

As a sign of successful coaxial InGaN growth, the In incorporation response to the
respective InGaN growth conditions was investigated. An Arrhenius equation

k = Ae
−Ea
KBT (4.1)

gives the dependence of the rate constant k of a chemical reaction on the absolute
temperature T (in kelvin), where A is the pre-exponential factor, Ea is the activation
energy, and kB is the Boltzmann constant. As reported in [76], due to the desorption of
TMIn during growth, an Arrhenius plot of the In incorporation coefficient kIn defined as

kIn =
x

(1− x)
·
fTEGa

fTMIn

(4.2)
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4.1 Coaxial InGaN around GaN Submicron-Tubes

is expected, where x is the In mole fraction in the InGaN layer1, fTEGa and fTMIn

are the molar flow rates of triethylgallium and trimethylindium, respectively. The In
incorporation coefficient is expected to increase with decreasing substrate temperature
with an activation energy of 1.6 eV for c-plane growth [76]. Although we are expecting
InGaN growth on non-polar planes, we still expect a similar Arrhenius plot behavior. In
addition to substrate temperature during InGaN growth, varying the molar flow ratio
of fTEGa and fTMIn as well as the reactor pressure at a constant temperature shall result
in different In incorporations as a further indicator of successful InGaN layer growth.

Influence of InGaN Growth Temperature

The increase in the In incorporation efficiency with lower temperatures has been at-
tributed to a reduced evaporation of In species from the surface due to the high vapor
pressure of In [77]. A series of InGaN growth temperatures was examined. Figure 4.7
shows a shift in the prospected weaker luminescence peak with temperature but no con-
siderable shift for the broad peak around 2.85 eV. This result further confirmed that
the luminescence around 2.85 eV is not related to InGaN emission. Table 4.2 shows the
calculated In content from low temperature photoluminescence in relation to the sample
surface temperature. Figure 4.8 shows the corresponding Arrhenius plot of the relative
In incorporation coefficient. We have tried to shift to temperatures lower than 760 ◦C
in order to achieve more data points but no luminescence was observed for the shifting
InGaN luminescence. The corresponding activation energy was calculated to be 1.8 eV.
A slightly lower activation energy of 1.6 eV was reported for c-plane InGaN layers [76].
The shift of the InGaN peak position with temperature variation was a further sign of
successful InGaN growth.

Table 4.2: Evaluated In content for various growth temperatures.

InGaN growth temperature (◦C) Calculated In content (%)

762 8.9
780 5.1
790 4.6
809 3.8

Influence of TMIn/TEGa Ratio

Next, we have modified the TMIn flow from 9.2 to 14.5µmol/min during InGaN growth
while the TEGa flow was kept the same (13.6µmol/min). A red-shift of 92meV was
observed for our InGaN emission (figure 4.9) corresponding to a 2.2% increase in In

1We have evaluated the In mole fraction x by measuring the luminescence energy during low temper-
ature PL. The piezoelectric field has been neglected since the InGaN layers are grown coaxially on
non-polar planes. Based on TEM results, the QW thickness is taken as 6 nm in this calculation.
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Figure 4.7: Low temperature photoluminescence spectra of GaN submicron-tubes with
single coaxial InGaN layer grown at different temperatures (Tg). The arrows
indicate the InGaN luminescence peaks.

incorporation. The increase in In incorporation is expected assuming the carrier gas
is fully saturated with the TMIn precursor. In [78], S. Salim et al. observed an under
saturation of the carrier gas with TMIn for flow rates above 300 sccm using in-situ Fourier
transform infrared (FTIR) spectroscopy during MOVPE. This problem is particularly
acute for solid precursors, such as trimethylindium (TMIn), and for precursors that have
a low vapor pressure. Surface area changes during solid precursor evaporation often
result in uncontrolled fluctuations in the delivery rate [78]. As our TMIn bubbler flow
during the InGaN growth was varied between 70 sccm and 110 sccm for this experiment,
we believe that a linear relationship between TMIn precursor delivery and the carrier
flow exists. The unaltered peak positions of the blue luminescence around 2.85 eV and
the GaN band-edge peak around 3.47 eV further confirmed the presence of luminescing
InGaN layers in our structures.

Influence of Reactor Pressure

Finally, the ambient InGaN growth pressure was modified for the same surface temper-
ature and precursor flows. The effect of reactor pressure on In incorporation is not easily
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Figure 4.8: Arrhenius plot of the relative In incorporation coefficient into the coaxial
InGaN layer (kIn). Data calculated from the shifting peak in figure 4.7.

predictable since it has been reported that it has a direct influence on wafer-surface tem-
perature [79] and InGaN growth rate (QW thickness) [28,79]. After reducing the reactor
pressure during the InGaN layer growth from 200 to 100 hPa, we observed a blue-shift
of 55meV indicating a decrease of 1.4% in In content (figure 4.10). The QW growth at
lower pressure also revealed a 15 times higher emission intensity in PL. Typically, it is
argued that increasing the N2 pressure reduces the decomposition of InN [80]. Thus a
higher degree of desorption of InN occurs at a lower pressure. That is why another suc-
cessful approach besides temperature reduction for obtaining In-rich InGaN by MOVPE
is raised-pressure MOVPE, where growth pressures between 100 kPa and 200 kPa are
effected [80]. An explanation for the reduced luminescence for our InGaN with higher
pressure is not perfectly clear at this point. We believe that a reduced pressure leads to
smoother surfaces and hence better homogeneity of the In composition along the InGaN
layer [28]. Hence, an improvement of crystal quality and reduction of surface defects can
be achieved.
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Figure 4.9: Low temperature photoluminescence spectra of GaN submicron-tubes with
single coaxial InGaN layer grown at same temperature, reactor pressure and
TEGa precursor flow but using different TMIn flows.
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Figure 4.10: Low temperature photoluminescence spectra of GaN submicron-tubes with
single coaxial InGaN layer grown at same temperature and precursor flows
but under different reactor pressures.
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4.2 InGaN Layers around thicker GaN Micro-Tubes

In this section, one method of increasing InGaN luminescence by improving the GaN
template quality is investigated. As explained in subsection 4.1.2, this can be achieved
by growing thicker GaN tubes. In reference to figure 3.11, the further the InGaN layer
is from the highly impurity doped sheath inner layer of the tube, the more luminescence
is expected to be generated. Table 4.3 describes the employed growth procedure for
realizing the thicker coaxial buffer layers. The main difference to the multi-layer growth
process in table 3.1 is the insertion of elongated periods of growth at temperatures
above 1000 ◦C. We have observed a wall thickness between 450-500 nm during TEM
investigations (subsection 4.2.1). In order to exclude any effect due to the original
template, the original ZnO template was split into two halves before growth. One part
was overgrown only with thick coaxial GaN while the other part had the additional
InGaN layer (grown using the same conditions described in table 4.1). One thing to
notice on the shape of these thick tubes is the development of other side facets between
the top of the non-polar planes of the hexagonal tube (figure 4.11). These facets were
observed for some structures without InGaN overgrowth but always observed (and even
enlarged) for thicker tubes with the coaxial InGaN. The development of these facets is
further clarified in subsection 4.2.1 by observing a 12-fold symmetry at the inner core of
the micro-tube within a cross-sectional image profile. As shown in low temperature PL
(figure 4.12), a highly luminescent new peak around 3.1 eV emerged for the sample with
a single QW, corresponding to an In incorporation of 10% whereas the peak around
2.85 eV was observed in both samples. Furthermore, another ZnO template was split
into two halves and the InGaN layers were grown at 780 ◦C and 830 ◦C, respectively.
The resulting PL spectrum at low temperature indicated a clear shift of the main peak
from 3.21 eV to 3.35 eV (figure 4.13), corresponding to an In incorporation of 7.5% and
3.4 %, respectively. The relative increase in the PL intensity ratio of the QW emission
to the impurity luminescence is a sign of improved crystal quality. The subsequent step
is investigating the spatial distribution of the observed InGaN layer emission.

Table 4.3: Elongated multi-layer growth procedure for the generation of thick buffer
submicron- and micro-tubes after controlled desorption of the original ZnO
nano-pillar templates. The reactor pressure during the total growth is 55 hPa.
The carrier gas ratio for N2/H2 in all intermediate and final layers is 4:1.

Growth parameter CL IL 1 IL 2 IL 3 IL 4 IL 5 IL 6 FL

Temperature (◦C) 650 830 950 1020 1040 1050 1065 1075
Time (min) 10 8 12 25 20 15 15 8
V/III ratio 6400 4900 3250 3250 3250 3250 3250 3250

Carrier gas N2 N2/H2 N2/H2 N2/H2 N2/H2 N2/H2 N2/H2 N2/H2
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Figure 4.11: SEM picture of thick hollow GaN micro-tubes on top of GaN pyramids
(left). Thick GaN micro-tubes with a single coaxial InGaN layer (right).

Spatially resolved CL of a GaN Micro-Tube without Coaxial InGaN

Figure 4.14 shows a “twin tube” without any coaxial InGaN scratched onto a TEM grid
with the respective color coded emission wavelength map of the rods under investiga-
tion. On the contrary to the thinner GaN tube in figure 4.4, we do not observe the very
homogeneous luminescence distribution around 2.85 eV. The afore-mentioned lumines-
cence is found to be more localized at the tilted facets near the very top of the GaN
tube. This could be an indication that the outer layers of the thicker tubes have less
zinc impurities in comparison to those for the thinner tubes presented in the previous
section. The localized blue luminescence near the tilted top facets is presumed to result
from a number of effects. The enhanced adatom migration at high temperatures reduces
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Figure 4.12: Low temperature photoluminescence spectra of thick GaN micro-tubes with
and without a single coaxial InGaN layer.
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Figure 4.13: Low temperature photoluminescence spectra of thick GaN micro-tubes with
single coaxial InGaN layers grown at 830 ◦C and 780 ◦C.

the growth rate at these top tilted facets, since the adsorbed atoms at these tilted facets
have enough energy to migrate to the side facets of the tube. Also, based on the gas
phase diffusion model described in subsection 4.1.2 [71], the higher concentration of the
zinc vapor in the gas phase at the top in comparison to the rest of the tube together
with the higher reaction rate at the higher temperatures could enhance the localized
zinc doping near the top of our 3D structure.

Figure 4.15 shows the recorded integral CL spectrum from the GaN structure in figure

Figure 4.14: a) SEM image of a twin GaN tube separated on a TEM grid. b) Spatial
CL distribution with color coded emission wavelengths. Reproduced with
permission from [81]. Copyright 2013, the Japan Society of Applied Physics.
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Figure 4.15: Integral CL spectrum from the twin GaN tube in figure 4.14 using 4 kV elec-
tron acceleration voltage. Reproduced with permission from [81]. Copyright
2013, the Japan Society of Applied Physics.

4.14. A big similarity between the PL and CL spectra was noticed for the same sample
when comparing the solid line in figure 4.12 and the spectrum in figure 4.15. The CL
spectrum shows a resolvable emission from GaN donor bound excitons (D0X) at 3.45 eV
with FWHM of 80meV, in comparison to a much weaker CL intensity for the thinner
GaN tubes (figure 4.4). This further confirmed the improved crystal quality for the
elongated overgrowth procedure. The peaks around 3.25, 3.16, 3.06 and 2.97 eV show
an energy spacing of around 90meV. Hence, these features are believed to be a result of
a transition with strong phonon coupling. We believe the trigger emission peak around
3.25 eV results from a DAP transition from unintentionally incorporated donors such as
silicon (or even native defects in the material) to a zinc impurity acceptor level. This was
even further confirmed by the fact that the spatial distribution of these emission maxima
along the rod was nearly identical and they were found homogeneously distributed along
the GaN tube (similar to the blue luminescence of zinc impurities in the thinner GaN
tube) [81].

Spatially resolved CL of a GaN Micro-Tube with a Coaxial InGaN
Layer

The CL spectrum and spatial distribution of luminescence for the GaN submicron-tube
with coaxial InGaN in figure 4.6 shall be cross-checked with its counterpart sample with
thicker GaN buffer. Similarly, a cross-check for the thick GaN buffer micro-tube with
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Figure 4.16: Integral CL spectra from the GaN tube in figure 4.17 with 600V (blue solid
curve) and 2 kV (red dashed curve). Reproduced with permission from [81].
Copyright 2013, the Japan Society of Applied Physics.

Figure 4.17: a) SEM micrograph of a GaN tube with a single coaxial InGaN QW. The
red arrow denotes the additional facet between the m-planes. b) Spatial
CL distribution with color coded emission wavelength recorded with 2 kV
acceleration voltage. Reproduced with permission from [81]. Copyright
2013, the Japan Society of Applied Physics.
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and without an additional coaxial InGaN layer is discussed.
Figure 4.16 shows the integral CL spectrum of a thick buffer GaN micro-tube with

coaxial InGaN at the acceleration voltages of 2 kV and 0.6 kV. The different acceleration
voltages are used to check if the InGaN luminescence can still be resolved at lower
penetration depths and lower excitation densities. This is a measure of how deeply buried
is the InGaN layer below the outer surface as well as how crystalline it is, respectively
[82]. The previously dominant blue luminescence for the GaN-tube with thinner walls
was not clearly observed, whereas the main luminescence emerges from the InGaN layer
around 3.15 eV (matching the PL spectrum from the same sample in figure 4.12). As a
first conclusion, we believe that the vanishing zinc impurity-related luminescence and the
increased InGaN counterpart is a sign of improved material quality. The next question
is to check the spatial distribution of the InGaN peak. Figure 4.17 (b) shows the CL
overview with color coded emission wavelength. The electron beam energy was set to
2 kV. The emission is strongly dominated by very intense QW emission from regions near
the side-facet edges, while the facet’s centers show weak contributions only. However,
from the TEM investigations of a tube’s cross-section (the following subsection), we
observed QW growth across the entire side-facets of the GaN tube. It has been reported
for GaN pyramidal stripes that a higher strain is present near the two edges of semi-
polar planes [28], and hence higher chance of strain relaxation and generation of surface
defects. Such surface defects are reported to incorporate more In [83,84]. However, the
InGaN luminescence from our structure is not strongly localized as commonly observed
for surface V-pits. The ongoing TEM investigation shall indicate the defect density
distribution across single facets and provide an explanation for the localization of InGaN
luminescence near the side-fact edges.
The investigations on the rod were repeated with an electron acceleration voltage of

0.6 kV employing a lower excitation density. Luminescence using such low excitation
densities reflects a measure for the crystallinity of the layer since the radiative lumin-
escence occurs mainly after the saturation of the defect-related non-radiative counter-
parts [82]. The blue trace in figure 4.16 shows the integral CL spectrum at 0.6 kV
indicating the high crystallinity of the coaxial InGaN layer.
We also observed from the spatial CL distribution in figure 4.17 that the inter-facets

between the m-plane side walls near the top of the tube are characterized by a lower
luminescence energy. From TEM investigations (figure 4.18), we observed that the
InGaN signal is not homogeneous and not clearly resolved for these facets in comparison
to the m-plane side-facets. At this point we are not perfectly sure which type of structural
defects exist on these facets and whether they are responsible for incorporating In rich
InGaN clusters, which would be responsible for the lower energy luminescence.

4.2.1 Scanning Transmission Electron Microscopy Investigations

In order to investigate the homogeneity and crystal quality of our coaxial InGaN layers,
we have chosen the thick GaN structure but with three coaxial InGaN layers grown us-
ing the same conditions described in table 4.1. The multiple InGaN layers were chosen
as an easier structure to be observed during high resolution scanning transmission elec-
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4.2 InGaN Layers around thicker GaN Micro-Tubes

Figure 4.18: HR-STEM image for three coaxial InGaN layers around a GaN tube.

tron microscopy (HR-STEM). All investigations in this subsection were organized by
Dr.Timo Aschenbrenner and Dr.Marco Schowalter, Institute of Solid State Physics,
Bremen University. Figure 4.18 shows a HR-STEM image cross-sectional cut from the
top part of the tube, where the inter-facets between the m-plane side walls of the tube
are present. The three InGaN layers are homogeneous and clearly resolved along the
m-plane but only a very weak signal of the QWs was resolved along the small neighbor-
ing facet. The InGaN layer thickness along the m-plane was found to be between 5 and
6 nm. The distance to the outer surface from the outermost QW is around 45 nm and
the spacing between the InGaN layers is 20 nm. Compositional profiling across the QWs
was performed during the STEM investigation, where an In concentration around 7%
was determined by comparing local image intensities with simulated intensities similar
to Rosenauer et al. [85] (figures 4.19 and 4.20). No significant difference between each
of the three wells was observed2.

Figure 4.21 shows a cross-sectional SEM image near the bottom and top of the tube.
A clear difference in the wall thickness can be seen. The spacer thickness between the
third QW and the outer surface was measured to be around 20 nm, in comparison to
a doubled value measured near the top of the micro-tube. This confirmed our initial
assumption of different growth rates discussed in subsection 4.1.2 to explain the varying
CL luminescence distribution along the micro-tube (figures 4.5 and 4.6). Furthermore,
the dislocation density was found to be much higher at the bottom of the micro-tube
compared to the top (figure 4.22). In figure 4.23 we could see a 12-fold symmetry that is

2To be published in 2014 by T. Aschenbrenner, Institute of Solid State Physics, Bremen University.
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Figure 4.19: HR-STEM image and In concentration profile across the middle InGaN
QW.

visible even at the inner core of the GaN tube, which is reflected on a larger scale at the
outer surface as the facet develops by further growth (figure 4.22). This might indicate
that the ZnO core already transfers from 6-fold to 12-fold during the overgrowth process.
Based on the HR-STEM images and the orientation of the sample in the e-beam, our
TEM partners in the Institute of Solid State Physics, Bremen University, confirmed the
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Figure 4.20: Evaluated In concentration profile across the middle InGaN QW coaxially
grown around the GaN micro-tube.
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4.2 InGaN Layers around thicker GaN Micro-Tubes

Figure 4.21: SEM image for a cross-sectional cut near the bottom and top of a GaN tube
overgrown with three coaxial InGaN layers. Different wall thicknesses can
be clearly observed.

m-plane orientation for the side facets where the resolved InGaN layers were epitaxially
grown.
Further points are to be clarified by the ongoing compositional analysis for mapping

the In concentration along the length of the tube and across the two types of facets
present. Also the types of dislocations that propagate from the inner core to the outer
surface (e.g. shown in figure 4.23) are currently being investigated.
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Figure 4.22: STEM images for a cross-sectional near the bottom (left) and top (right) of
a GaN tube overgrown with three coaxial InGaN layers, where the different
dislocation densities can be observed.

Figure 4.23: STEM cross-sectional image of a GaN tube overgrown with three coaxial
InGaN layers showing that a 12-fold symmetry is also visible in the inner
core of the micro-tube [86].

70



4.3 Coaxial InGaN around GaN Micro-Rods

4.3 Coaxial InGaN around GaN Micro-Rods

In the following studies, a CL investigation of epitaxial coaxial InGaN around selectively
grown vertical GaN micro-rods (non-hollow GaN rods without ZnO template) is presen-
ted. This structure does not suffer from inherent zinc impurities, where the related
impurity luminescence is suppressed. The same InGaN growth process for our coaxial
InGaN around GaN tubes described in table 4.1 was employed for a fair comparison
with our previous CL results of the GaN tubes with coaxial InGaN. Such comparison
can confirm the same facet type with non-polar nature for both structures. Additionally,
the GaN rods allow for a direct comparison between non-polar InGaN layers grown on
their side facets to the polar InGaN on the top c-oriented surface plane. We were able to
successfully grow vertical GaN micro-rods using the same patterning mask employed for
the GaN pyramids (figure 4.24 (a)). These were grown directly on sapphire without any
underlying GaN layer. The key to vertical growth with non-polar side facets is changing
their polarity from Ga-polar that typically results in GaN pyramids with semi-polar
facets to N-polar [87] (figure 2.3 in section 2.1). This is achieved by high temperature
nitridation of the sapphire substrate before growth and direct GaN growth at high tem-
peratures [88]. A detailed discussion about the effects of nitridation, temperature and
V/III of the nucleation layers on their polarity will be presented in the next chapter. Due
to the difference in their surfaces reactivities, N-polar oriented layers are etched much
faster in concentrated basic solutions such as aqueous KOH solution than their Ga-polar
counterparts [87]. We were able to verify that our vertical structures are mainly N-polar
oriented as most of the structures were etched in 5mol/liter KOH at 80 ◦C for 50minutes
(figure 4.24 (b)).

(a)

2µm

(b)

2µm

Figure 4.24: Selectively grown GaN micro-rods on patterned sapphire using SiO2 mask
before (a) and after (b) etching in aqueous KOH solution.

These structures are overgrown with the same InGaN growth procedure employed for
our GaN tubes as a further mean of comparison for the luminescence properties. Figure
4.25 shows a low temperature cathodoluminescence spectrum for the GaN micro-rods
without InGaN overgrowth. Since no ZnO pillar templates were used, no signs of the
blue luminescence around 2.85 eV were observed. We also believe that the absence of
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zinc impurities led to the comparatively intense and sharp GaN band-edge peak. Figure
4.26 shows the same structure overgrown with single InGaN layer together with the
corresponding CL spectrum and spatially resolved luminescence. Two intense InGaN
luminescence peaks were observed from the non-polar side-facets and the top c-plane
polar facets around 3.2 eV and 2.85 eV, respectively. The non-polar InGaN luminescence
was observed to be at the same energetic position as for its respective hollow GaN tube
template in figure 4.16. Thus we believe that the In incorporation and InGaN layer
thickness are of similar values for both structures.
The difference in luminescence between the polar top-facet and non-polar side-facets

is believed to be a result of a number of effects. These are namely: effective bandgap
shrinkage due to presence of electric field for the polar plane [89], possible differences
in In incorporations [90], unequal QW thicknesses due to differences in growth rates for
the different facets [51, 75]. Assuming a QW thickness of 6 nm along the m-plane, we
calculated an In concentration of around 8%. A factor above 2.5 higher thickness is
expected for the top polar plane. This factor was observed by T.Wunderer et al. as the
relative InGaN QW thickness difference between the polar and the semi-polar planes
of a GaN ridge structure [75]. We believe it should be even higher for a comparison
between polar and non-polar planes. Hence we believe the InGaN layer at the top to
be relaxed. Taking a bowing parameter of 1.4 we expect an In concentration of 17% in
the top layer. Moreover, a comparison was done for the InGaN emission energy along
the non-polar side facets of our GaN tubes to those along the semi-polar GaN pyramid
(not shown here). We observed a lower energy luminescence for the latter. A shift of
around 150meV was measured in CL that could be due to the presence of partial electric
field, differences in QW thicknesses or In incorporation. Observing the highest energy
emission in CL for our coaxial InGaN layers around GaN micro-tubes and micro-rods,
followed by a lower energy emission from the semi-polar GaN facets of the pyramids and
finally the lowest energy from the polar top facets of the micro-rods was a successful
sign of coaxial InGaN layer growth with nonpolar nature.

72



4.3 Coaxial InGaN around GaN Micro-Rods

Figure 4.25: Low temperature cathodoluminescence spectrum from GaN micro-rods se-
lectively grown on masked sapphire substrate.

Figure 4.26: Low temperature cathodoluminescence spectrum and color-coded overlay
integration of the emission wavelengths from GaN micro-rods with a single
coaxial InGaN layer, selectively grown on masked sapphire substrate.
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4.4 Time-Resolved Micro-PL Investigations

The recombination dynamics of carriers in our InGaN layers can reflect the presence
or absence of piezoelectric fields. The local separation of electrons and holes within
polar QWs, which are tilted due to the internal field, leads to a reduced overlap of the
respective wave-functions (figure 2.6 in section 2.4). This increases the recombination
lifetimes of carriers in comparison to locally non-separated carriers in non-polar QWs.
Using time-resolved photoluminescence (TRPL), T.Wunderer et al. found a radiative
recombination decay time of 650 ps for a semi-polar QW of 4 nm thickness [91]. In con-
trast, they found a lifetime of 50 ns for a reference polar structure. TRPL was employed
to investigate the recombination times for our thick GaN tube structures, and further
compare them to c-plane InGaN QWs. These investigations were performed by Sween
Buttler, department of Physics and Electrical Engineering, University of North Texas.
As explained in [92], the measured decay curves can be fitted by an exponential com-
ponent and a stretched exponential line shape. The fast decay component t1 represents
the radiative recombination of free excitons and the relaxation of QW excitons from free
or extended states toward localized states. The slow decay component t2 accounts for
transport between localized states and the radiative lifetime of localized excitons [92].
These localized energy states are typically caused by In composition fluctuation in the
InGaN active layer [92, 93].
Table 4.4 summarizes the measured InGaN luminescence decay times for 355 nm excit-

ation at 4K. In comparison to the polar sample, the radiative lifetimes are much shorter
for the sample with coaxial InGaN. To further confirm these findings, we compared our
recorded decay times with those published for non-polar InGaN QWs. In [92], a fast
decay time (t1) of 0.82 ns was reported for a planar non-polar a-plane 10 MQW structure
with 6 nm InGaN well width and an In content of 23%. We believe this is in agreement
with our lower decay time of 211 ps for our single coaxial InGaN layer with a lower In
incorporation (between 7% to 8%).

Table 4.4: InGaN luminescence decay times for 355 nm excitation at 4K.

Sample description Decay time (ps)

Single InGaN QW around thick GaN micro-tubes (figure 4.17) t1=211, t2=712
Ten-fold planar InGaN QWs grown on c-plane GaN template t1 above 13000

Figures 4.27 and 4.28 show the recorded spectra for the thick GaN tubes with and
without a single coaxial InGaN layer, respectively, together with their streak camera
fluorescence. In a streak camera, the decay of different energetic emissions can be traced
over time. The vertical axis represents a time scale from top to bottom, while the
horizontal axis represents the photon energy. Hence, it is a method of extending the
TRPL spectrum to show the corresponding time decay-component of each emission.
In figure 4.27, the GaN band-edge emission could not be resolved due to the near band
edge excitation at 355 nm, and only the impurity luminescence is believed to be observed.
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4.4 Time-Resolved Micro-PL Investigations

Figure 4.27: Time-resolved photoluminescence spectrum and streak camera image of
GaN micro-tubes without coaxial InGaN for 355 nm excitation at 4K.

The lifetimes were observed to be over 10 ns. We believe these high decay times could
be due to emission from localized donor levels to localized zinc impurity centers. For
the thick tubes with single coaxial InGaN, the InGaN emission shows a much faster
double exponential decay profile with the values of t1=211 ps and t2=712 ps (figures
4.28 and 4.29). The same energetic position for the luminescence in figure 4.28 of the
coaxially grown InGaN was observed in CL for that sample (figure 4.16). For comparison,
the decay time for a polar 10 MQW grown on a c-plane 2µm GaN/sapphire template
was also measured. This sample had a QW thickness of 3 nm, GaN barrier of 7.5 nm
and a peak emission of 411 nm in low temperature photoluminescence corresponding
to an In content of 9.5% (figure 4.30). The InGaN emission shows a longer decay
with single decay component above 13 ns (figure 4.31). This result was compared to a
0.57 ns decay time for a similar 10 MQWs structure of nonpolar nature with 3 nm InGaN
layer thickness reported in [92], which confirmed the reliability of the measurements
for our structures. We believe that based on the above comparison of decay times
for the different sample structures (without fully excluding the effect of non-radiative
recombinations), we are able to show the tendency towards the expected non-polar
recombination dynamic characteristics of our coaxial InGaN layers.
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Figure 4.28: Time-resolved photoluminescence spectrum and streak camera image of
GaN micro-tubes with single coaxial InGaN layer.

Figure 4.29: Luminescence intensity decay curve of GaN micro-tubes with single coaxial
InGaN layer.
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Figure 4.30: Time-resolved photoluminescence spectrum and streak camera image of ten-
fold planar InGaN QWs grown on a c-plane GaN template.

Figure 4.31: Luminescence intensity decay curve of ten-fold planar InGaN QWs grown
on a c-plane GaN template.
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5 N-Polar GaN Growth Investigations

In this chapter, we investigated approaches for the vertical growth of GaN rods without
ZnO pillar templates. This is to eliminate the effect of Zn doping, achieve GaN rods with
a comparably high material quality down to the 100 nm rod diameter. As discussed in the
last chapter, the remarkable luminescence enhancement for coaxial InGaN layers around
thicker GaN tubes in comparison to thinner ones has added a constraint to lowering the
size of our tube structure below one micron. That is why, direct growth of GaN rods
was the other alternative. This is in spite of the fact that GaN/ZnO pillar overgrowth
gets useful if a tube geometry is targeted. The key to vertical GaN rods growth with
non-polar side facets is changing their polarity from Ga-polar that typically results in
GaN pyramids with semi-polar facets to N-polar crystal orientation [87]. One approach
is to grow the GaN rods selectively directly on sapphire while the other approach is
growth on a masked N-polar GaN template. The latter is expected to result in a higher
crystalline quality of the GaN rods due to absence of lattice mismatch at the onset of
the rod-nucleation process.
Investigations to achieve highly crystalline and smooth N-polar GaN nucleation layers

deposited on c-plane sapphire are discussed followed by investigations for the selective
growth of vertical GaN rods on masked sapphire substrates. The initial nitridation of
the sapphire substrate and nucleation layer growth conditions have been identified as
the main factors responsible for the polarity of the GaN films [19,94]. Growth initiation
using a thin GaN or AlN layer at lower temperatures have been reported to result in
GaN films with Ga polarity [19, 88]. However, if the sapphire substrate is exposed to
the N precursor at high temperatures prior to GaN growth leading to the formation of
a thin AlN surface layer [94], typically N-polar GaN films result [95]. We investigated
the influence of nitridation, temperature and V/III ratio on the polarity, quality and
coalescence of thin GaN nucleation layers (around 170 nm) on c-plane sapphire.
Before the growth, all sapphire wafers were heated under H2 flow for 5 minutes at

1110 ◦C for thermal cleaning of the surface. Then nitridation of the surface was per-
formed under 67mmol/minute ammonia flow for 7 minutes at the same temperature of
1110 ◦C. GaN deposition took place as the subsequent step. The growth conditions for a
reference layer template for the systematic variation of growth parameters are described
in table 5.1. The time was chosen to achieve a coalesced layer of 200 nm. The carrier gas
mixing ratio of N2/H2 (1:2) was chosen as it proved successful for the growth of N-polar
GaN micro-rods as reported in [87]. Temperature and V/III ratio were varied separately.
Pressure was kept at 100 hPa as has been optimized for our standard GaN templates on
sapphire, however, its effect was not investigated. To verify the polarity of our layers,
the samples were wet chemically etched in an aqueous KOH solution (5mol/liter) at
80 ◦C for 50 minutes [87].
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Table 5.1: Growth parameters for GaN grown directly on nitridated sapphire. Growth
temperature and V/III ratio have been varied during the investigations.

Growth parameter

Time (min) 10

Pressure (hPa) 100

Temperature (◦C) 920–1110

V/III ratio 45–1000

Carrier gas N2/H2 (1:2)

5.1 Effect of Nitridation

Our first question was to check the effect of nitridation on the polarity and quality of our
layers. The growth procedure described in table 5.1 using a GaN growth temperature
of 1000 ◦C and V/III ratio of 120 was applied twice, namely, with and without a nitrid-
ation step prior to GaN growth. The layer grown without nitridation (figure 5.1 (c))
had a reduced degree of coalescence compared to its counterpart grown on a nitridated
sapphire (figure 5.1 (a)). But most importantly, very little of the grown GaN was etched
after the KOH test for the layer without nitridation (figure (d)). This is compared to
a higher etching rate observed for the GaN layer grown on nitridated sapphire (figure
5.1 (b)). This indicated a clear influence of the nitridation step on the etching rate
in the aqueous KOH solution and hence the chemical reactivity of the surface (as a
verification sign for N-polarity of the layer). In addition, skipping the nitridation step
resulted in lower crystal quality due to the very strong broad yellow luminescence and
the broader GaN band-edge luminescence (figure 5.2). During his study on sapphire
nitridation, Grandjean et al. observed a strong variation of the surface lattice parameter
of the sapphire to confirm the existence of an AlN layer using reflection high-energy
electron diffraction [94]. This AlN surface layer was confirmed to facilitate the nucle-
ation of GaN on such a nitridated surface rather than on bare sapphire, thus enhancing
its respective crystal quality due to lower lattice mismatch and dictating the polarity
orientation of the overgrown crystal. Our experiment confirmed the necessity of high
temperature nitridation of sapphire prior to growth for achieving N-polar layers with
high crystalline quality.
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(a)

10µm

(b)

5µm

(c)

5µm

(d)

5µm

Figure 5.1: SEM pictures of GaN grown for 10 minutes directly on sapphire at 1000 ◦C
with and without a nitridation step prior to GaN growth, before (a,c) and
after (b,d) etching in aqueous KOH solution, respectively. Etching took place
with a concentration of 5mol/liter at 80 ◦C for 50 minutes.
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Figure 5.2: LT-PL spectrum of GaN grown
for 10 minutes directly on sap-
phire with and without a nitrid-
ation step at 1000 ◦C.
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5.2 Effect of Temperature

In this section, the effect of temperature variations, within the boundaries of mass-
transport limited regime, on the coalescence and degree of N-polarity of the deposited
GaN after sapphire nitridation was investigated. A set of three samples grown at the
temperatures of 1110 ◦C, 1000 ◦C and 920 ◦C were grown using the parameters shown
in table 5.1 with a V/III ratio fixed at 1201. As shown in figure 5.3 (a), the growth
at 1100 ◦C was characterized by a large number of separated GaN micro-hexagonal
structures. Also, the coalescence of the layer showed an inverse relation with temperature
(figures 5.3 (a), (b) and (c)). However, the deposited GaN showed more N-polar nature
at higher temperatures indicated by the observed higher etching rate of the structures
(figure 5.3 (d)). In LT-PL (figure 5.4), we were able to observe the narrowest band-edge
emission of GaN with 25meV for the sample grown at 1000 ◦C. A second weak-intensity
peak at 3.33 eV was observed for the afore-mentioned samples that is assumed to be
related to prismatic stacking fault luminescence [96]. The sample grown at 920 ◦C showed
the weakest band-edge and the strongest yellow luminescence intensities, respectively,
indicating a lower crystalline quality. The yellow luminescence is believed to originate
from either atomic crystal vacancies or carbon impurities (as reported in [64], pp. 19–34
and the references therein). This is expected to be due to the lower degree of atomic
surface mobility of atoms to find their energetically favored sites in the crystal as well
as the reduced precursor cracking efficiency at lower temperatures. We also believe
that at temperatures above 1100 ◦C, a higher rate of atomic desorption from the surface
results hindering the layer coalescence. This is in addition to the fact that sapphire
nitridation is believed to be enhanced and constantly effected during growth at this high
temperature regime [94]. Hence, it dictates the N-polar nature of the firstly grown GaN
monolayer islands and consequently, the overgrown crystal. As a conclusion, this series
confirmed that within the growth temperature range of 900–1150 ◦C typical for GaN
layers, direct growth at higher temperatures result in lower coalescence and growth of
vertical micro-hexagonal structures with a large degree of N-polarity, while GaN growth
at lower temperatures result in coalesced layers but lower degree of N-polarity.

1The sample grown at 1000 ◦C was the nitridated sample discussed during the nitridation experiment
since it fitted to both series.
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(a)

10µm

(d)

10µm

(b)

10µm

(e)

5µm

(c)

10µm

(f)

10µm

Figure 5.3: SEM pictures of GaN grown for 10 minutes directly on nitridated sapphire at
1110 ◦C (a), 1000 ◦C (b) and 920 ◦C (c) before and after etching in aqueous
KOH solution (5mol/liter) at 80 ◦C for 50 minutes (d), (e) and (f), respect-
ively.
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Figure 5.4: LT-PL spectra of GaN grown for
10 minutes directly on nitridated
sapphire at growth temperatures
(Tg) of 1110, 1000 and 920 ◦C.
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5.3 Effect of V/III Ratio

We further proceeded with reproducing again our best sample in the temperature series
(grown at 1000 ◦C) showing narrowest linewidth and highest layer coalescence, however,
using the V/III ratios of 1100 and 45. As shown in figure 5.5, the lower V/III ratio
enhances layer coalescence to a very large extent, while the opposite behavior is observed
for higher V/III ratios. The thickness of the coalesced layer grown using the lower V/III
ratio was measured using optical interference reflectance to be 170 nm. In high resolution
X-ray diffraction, the values of 1600 and 1550 arcsec were measured for the symmetric
(0002) and asymmetric (102) reflections, respectively. Moreover, a narrower linewidth
of 20meV is measured for the totally coalesced layer with V/III ratio of 45 (figure 5.6).
However, the latter sample showed stronger yellow luminescence which is assumed to
result from atomic vacancies due to reduced supply of ammonia. In addition, the GaN
grown at higher V/III ratio showed a strong emission around 3.41 eV indicating the
presence of basal plane stacking faults2. After the KOH test, it was not perfectly clear
which sample had more etching (figure 5.7). The remaining material after etching shall
give a figure for the size and density of the Ga-polar inversion domains present in the
layer before etching. For the sample with higher V/III ratio, more areas of clean sapphire
with larger sizes of remaining GaN structures (larger relative to the sizes observed for the
sample with lower V/III ratio) were observed. However, a higher density of remaining
GaN structures with lower sizes is observed for the sample with the lower V/III ratio. We
concluded then that a higher density of the undesired Ga-polar inversion domains is less
effected using the higher V/III ratio during initial growth. Hence, it follows that a high
N precursor supply during nucleation is necessary for the realization of a homogeneous
N-polar crystal orientation in the layer. This investigation showed that direct GaN
growth under very low V/III ratios enhances lateral growth and layer coalescence, but
results in a higher density of Ga-polar oriented crystals within the coalesced layer.

As a further optimization step, an extra experiment combining growth using the two
different V/III ratios at the same temperature of 1000 ◦C was performed. This employed
an initial growth for 10 minutes using V/III ratio of 45 in order to achieve a coalesced
layer, followed by a longer growth of 35 minutes using V/III ratio of 1100 with sufficient
ammonia supply to enhance the crystal quality. The layer thickness was measured to
be around 750 nm, however it was characterized by very high surface roughness (figure
5.8). In high resolution X-ray diffraction, the values of 920 and 840 arcsec for the sym-
metric (0002) and asymmetric (102) reflections were measured, respectively. Although
an improvement in crystal quality was confirmed compared to the thinner sample grown
using low V/III ratio, the higher surface roughness is critical for template patterning on
the nano-scale (see the outlook below).

2However, basal plane stacking faults are typically not critical for c-plane growth as they are aligned
in the c-plane and hence get buried during further growth [96,97].
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10µm 20µm

Figure 5.5: SEM pictures of GaN grown for 10 minutes directly on nitridated sapphire
at 1000 ◦C with V/III ratios of 1100 (left) and 45 (right).

Outlook

Further optimizations are ongoing for optimization of surface roughness and crystal qual-
ity, however, on highly misoriented c-plane sapphire substrates3. As reported in [98], the
structural and optical properties of the GaN films significantly improved with increasing
misorientation angle towards a- and m-planes. The authors in [98] reported that the
properties of GaN layers grown on sapphire with a misorientation of 4◦ towards m-plane
were comparable to Ga-polar GaN films grown in the same reactor. Experiments with
the same misoriented substrate are also targeted for achieving the highest degree of
layer smoothness. Layer smoothness is particularly critical for laser interference litho-
graphy patterning on the nano-scale, which is more time-efficient than their electron
beam lithography counterpart.

3Due to the unavailability of highly misoriented c-plane sapphire substrates at the time of these invest-
igations, these experiments are to be continued by Dipl. Phys.D.Heinz, Institute of Optoelectronics,
Ulm University. Thesis is expected to be published in 2016.
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Figure 5.6: LT-PL spectra of GaN grown for
10 minutes directly on nitridated
sapphire at 1000 ◦C with V/III
ratios of 1100 and 45.
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5µm 10µm

Figure 5.7: SEM pictures of GaN grown for 10 minutes directly on nitridated sapphire
at 1000 ◦C under V/III ratios of 1100 (left) and 45 (right) after etching in
aqueous KOH solution.

Figure 5.8: SEM picture of GaN thick layer grown for 10 minutes directly on nitridated
sapphire at 1000 ◦C using V/III ratio of 45 followed by growth using V/III
ratio of 1100 for 35 minutes at the same temperature.
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5.4 Selective Area Epitaxy of N-polar GaN

We tested our growth conditions for N-polar GaN layers on a masked sapphire substrate
for realizing vertical micro-rod growth. We have chosen the same parameters as described
in table 5.1 with a temperature of 1110 ◦C, time of 15 minutes and a V/III ratio of 160.
The sapphire substrates were masked with 100 nm SiO2 with circular openings of 3µm
diameters and a 3µm period. The high temperature was chosen to enhance the degree
of N-polarity of the selectively grown GaN structures. As shown in figure 5.9 (a), the
expected vertical growth was achieved. The KOH test showed that most of the vertically
grown micro-structures were etched (figure 5.9 (b)). This result further confirmed that
the growth procedure described in table 5.1 leads to GaN growth with predominantly N-
polar crystal orientation. However, GaN with lower etch rates was still observed within
the micro-rods, indicating the existence of inversion domain boundaries.

(a)

2µm

(b)

2µm

Figure 5.9: Selectively grown GaN micro-rods on patterned sapphire using SiO2 mask
before (a) and after (b) etching in aqueous KOH solution.

GaN Rods Patterning using Micro-Sized Polystyrene Spheres

After achieving successful growth of vertical GaN micro-rods, the next step was to in-
vestigate methods for reducing their sizes. Due to its simplicity compared to electron
beam lithography, our first approach employed the use of a monolayer of micro-sized
polystyrene spheres for mask patterning4 (figures 5.10 and 5.11). A monolayer of poly-
styrene spheres with a diameter of 1.5µm is deposited on the sapphire substrate. Then
the sample is treated in an oxygen plasma for reducing their sizes. Finally, the over-
growth mask is constructed by sputtering SiO2 followed by removing the spheres in an
ultrasonic bath. The final pattern of the mask openings takes the form of the poly-
styrene sphere monolayer, where the periodic distance is dictated by the diameter of the
spheres and the time in oxygen plasma. The best result in terms of mask selectivity and
vertical growth was achieved at a temperature of 950 ◦C and a V/III ratio of 35 (figure

4Performed by Dipl. Phys.Manfred Madel, Semiconductor group, Institute of Quantum Matter, Ulm
University.
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Figure 5.10: Schematic illustration for the GaN rods position control procedure employ-
ing patterning using a monolayer of micro-sized polystyrene spheres followed
by SiO2 mask sputtering.

5.12). Two main problems were encountered for this method. The first is that shrink-
ing the size of the spheres in oxygen plasma below 1µm (to achieve diameter openings
below 1µm) was not possible due to their strong adhesion on the sapphire surface. This
effect was a result of the longer time of oxygen plasma exposure needed for reducing
the spheres sizes. Consequently, it was not possible to totally remove them from the
sapphire substrate in the ultrasonic bath. The second problem was the uncontrollable
narrow separation between the spheres. The latter can lead to the problem that neigh-
boring rods may touch each other by elongating the growth time for achieving rods with
larger heights. This is due to the observed effect of lateral growth on the wing regions
of the mask5.
The inherent limitations using polystyrene spheres patterning led us to investigate

electron beam (EBL) lithography as an alternative method, where the full control of the
mask design in terms of hole diameters and spacings is easily achieved. In spite of the
fact that it adds further complexity and time-consumption to the fabrication process,
achieving vertical nano-wire growth using EBL is a confirmation that they could be
reproduced later using laser interference lithography, which is a much faster and more
simple patterning procedure.

GaN Rods Patterning using Electron Beam Lithography

The mask was designed to have 200 nm circular-shaped openings with a period of 2µm.
The mask material was SiO2 with a thickness of 80 nm. Etching of the SiO2 mask was

5The wing regions are the parts of the mask overgrown by the selectively grown GaN structures due
to their lateral overgrowth as they emerge out of the mask opening.
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(a)

5µm

(b)

5µm

Figure 5.11: (a) SEM image of a monolayer of micro-sized polystyrene spheres deposited
on sapphire substrate. (b) SEM image after SiO2 mask sputtering and
removal of the polystyrene spheres. Prepared by Dipl. Phys.Manfred Madel,
Semiconductor group, Institute of Quantum Matter, Ulm University.

done by reactive ion etching (RIE). The etching time was chosen to be double of that
calculated for the mask thickness in order to guarantee the full removal of SiO2 in the
open areas. After the RIE process the diameter of each opening was measured to be
around 300 nm, indicating a slight over-etching of the edges.

For adjusting the growth parameters in terms of precursor flows, the filling factor is
calculated to be 57 (subsection 2.7.4). Assuming perfect mask selectivity and full adatom
gas-phase diffusion (and surface migration) to the openings at a growth temperature of
1100 ◦C, we calculated a growth rate of 7.8 nm/s (0.47µm/minute) in each hole. This
value was calculated for the TMGa flow of 3.5 standard cubic centimeters per minute
(sccm) corresponding to a molar flow of 15.5µmol/minute, where the ammonia flow
was adjusted to 32 sccm with a molar flow of 1.43mmol/minute. These flow rate values
were chosen as the minimum possible operational values for our mass flow controllers.
Based on the fact that we observed no growth at a temperature of 1100 ◦C, we chose a

(a)

10µm

(b)

2µm

Figure 5.12: Selectively grown GaN micro-rods on patterned sapphire using polystyrene
spheres (figure 5.10) at a growth temperature of 950 ◦C and a V/III ratio
of 35.
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temperature of 920 ◦C (which is very close to the optimized temperature of 950 ◦C with
best selectivity during our studies using polystyrene sphere structuring). Pre-growth
nitridation took place at 1100 ◦C. The V/III ratio in the gas phase was 92 and growth
took place for 5 minutes. Growth selectivity was successfully achieved for most of the
openings, however some featured no growth (figure 5.13). The vertical geometry of the
rods was also not perfect for all structures. Moreover, strong lateral growth was observed
since the average diameter was observed to be around 900 nm. This raised the question
of elongating the growth time and checking whether the structures would further favor
lateral or vertical growth. Figure 5.14 shows that conglomeration of rods occurred to
form bulky structures on the micro-scale as the growth time was tripled to 15minutes. It
seemed that as soon as some structures develop a larger size than the neighboring ones,
possibly due to fluctuations in the homogeneity of precursors above the mask, they are
more favored for adatom incorporation. Thus they grow larger with time at the cost of
the neighbors as was also observed in [28]. The last experiment showed that our process
still suffers from lateral growth, non-homogeneous selective growth and distorted vertical
geometry for a large percentage of the grown rods.

5µm 2µm

Figure 5.13: SEM images of selectively grown GaN submicron-rods on patterned sap-
phire using electron beam lithography (EBL). Growth took place at 920 ◦C
using V/III ratio of 92. Open circles on the right image indicate mask
openings without growth showing non-perfect selectivity of the process.

T. Wunderer observed that an increase in V/III ratio from 400 to 900 has led to
a considerable improvement for the homogeneous selective area growth of GaN micro-
pyramids [28]. We thus increased the V/III ratio in the gas phase from 92 to 144. We also
reduced the time to 2 minutes as to observe whether lateral growth can still be observed
at an earlier stage. This resulted in perfect homogeneous growth selectivity where nearly
every hole was filled with structures of nearly equal size and same shape (figure 5.15).
However, the grown structures had pyramidal shapes with pronounced lateral growth.
This indicated that they possess a Ga-polar orientation with such increase in V/III ratio.
We concluded out of this experiment that the increase in ammonia supply stabilized the
semi-polar {11̄01} facet and led to an equal distribution of adatoms in every opening.
Our final goal is achieving vertical nano- and submicron-rods with perfect selectivity
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Figure 5.14: SEM image of selectively grown GaN micro-structures with triple the
growth time of the process shown in figure 5.13.

in every hole with the same length and diameter. The last result has been achieved
for GaN pyramids. Due to the observed extensive work towards this goal for vertical
GaN nano-structures and the fact that testing our tube- and rod-structures for chemical
sensing in different gas environments was a further goal, these optimizations are to be
continued by Dipl. Phys.D.Heinz, Institute of Optoelectronics, Ulm University6.

10µm 1µm

Figure 5.15: SEM images of selectively grown GaN submicron-rods on patterned sap-
phire using EBL. Growth took place at 920 ◦C using V/III ratio of 144.

6Thesis is expected to be published in 2016.
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6 Micro-Photoluminescence in Argon
and Oxygen Atmospheres

In this chapter, first trial investigations to find out the applicability of chemical sensing
for our GaN structures were performed. As an example towards this goal, the respective
photoluminescence response upon excitation by ultraviolet light in oxygen and argon
atmospheres in a micro-PL setup are discussed1. Our experiments were planned to help
in clarifying the following point: how would the PL response be affected by surface
adsorption and desorption of molecular oxygen/argon?
The following section introduces the arguments for using an optical method for in-

terfacing our structures versus an electrical interfacing method. The subsequent section
introduces a model for the expected modifications in PL response upon exposure to
argon and oxygen atmospheres. The last section discusses the respective first trial ex-
periments for GaN nano-tubes and GaN micro-rods with and without coaxial InGaN
layers.

6.1 Optical Addressing of Micro- and Nano-Structures

A typical approach for testing micro- and nano-structures for chemical sensing is using
electrical interfacing approaches (for example, see [99, 100] and the references therein).
This typically involves extensive preparation and processing steps: (1) nano/micro-
wire transfer on a foreign substrate and (2) combination of optical and electron beam
lithography followed by metallization for contact formation to the wire and contact pads,
respectively. Moreover, the non-reproducible contact resistance values on different wires
adds another degree of uncertainty to measurement reliability [101]. In contrast, optical
addressing in a micro-PL setup enables to achieve a local excitation and read-out on
wafer without the need of extra structure-interface processing steps. In addition, the
problem of uncertainty in measurement reliability due to variations in contact resistance
values is eliminated. As explained in detail in the next section, the photoluminescence
response shall result in PL intensity changes as a result of gas switching in the chamber.
This phenomena was proven for our investigated structures as demonstrated later in the
chapter.
Details for the construction of the micro-PL setup employed in the following meas-

urements are given in [54]. The incident laser beam (helium cadmium laser with 325 nm
emission wavelength) is focused on our sample using an objective lens and its diameter

1The motivation for the choice of oxygen and argon in addition to PL as an optical interfacing method
are explained later in the text.
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was measured to be around 15µm. All measurements were performed at room temper-
ature and atmospheric pressure with continuous flow of gas over the sample during the
measurements. The chamber inner free volume is 49 cm3. Gas concentrations involved
100% argon and 100% oxygen. Flows were controlled by mass flow controllers and
adjusted to 50 sccm during all measurements.

6.2 Ultraviolet Excitation in Argon and Oxygen

Atmospheres

Given an existing depletion region near the semiconductor surface (figure 6.1) due to
charged surface states (such as dangling bonds or surface-defects), electron and hole
pairs generated by UV excitation are spatially separated within the surface depletion
region [99]. This effect was observed for single GaN nano-wires as a rise in photocurrent
by UV excitation in vacuum [99, 100]. In photoluminescence, this translates into lower
available carriers for recombination and thus a decaying photoluminescence response.
Moreover, during their study on photoconductivity of (0001) oriented GaN nano-wires
grown by plasma assisted MBE [99], R.Calarco et al. observed that the conductivity
and the absolute amount of the photocurrent density depends very sensitively on the
wire diameter. For wires below 85 nm, lack of dark conductivity was observed. They
attributed this effect to the spatial extension of the space charge region caused by surface
band bending (SBB), resulting in complete depletion up to the entire NW diameter
(figure 6.1). For larger diameters, a finite conductivity and a persistent photocurrent
(signal non-returning to the dark current level) at room temperature have been observed.
This has been assigned to the spatial separation of photo-generated electrons and holes,
whose recombination is attenuated due to the presence of SBB [99, 102]. With regard
to the effect of surrounding atmosphere, Chen et al. have reported the dependence of
conductivity, photocurrent, and photocurrent decay time on the ambient conditions
in single-wire measurements on m-axis GaN nano-wires [100]. This observation was
assigned to adsorbate-induced variations of the SBB. Hence, the PL intensity response
is expected to be accordingly affected. In addition to adsorbate-induced variations of
the SBB as a possible mechanism for PL intensity modulation, other works propose
a model for adsorbate-induced enhancement of non-radiative recombinations for the
photo-generated carriers at the nano-wire surface [102] (discussed later in this section).

In the following studies, argon was chosen as an inert gas whose adsorption on semicon-
ductor surfaces is believed not to result in any surface band bending. In contrast, oxygen
was chosen since it showed a remarkable effect on surface band bending [100,103]. In air
ambient, the authors in [103] observed an upward band bending under UV illumination
for a GaN layer on sapphire substrate using surface photovoltage and PL investigations.
They proposed that the increase in negative surface charge is consistent with the trans-
fer of electrons from surface states or bulk to oxygen species physisorbed at the GaN
surface. In contrast, the upward band bending gradually decreased in vacuum under UV
illumination and was attributed to photoinduced desorption of the oxygen species. This
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d > dcriticald < dcritical d = dcritical
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Figure 6.1: Dependence of depletion region (grey), shape of conduction (EC) and valence
band edges (EV ), and recombination barrier Φ on the nano-wire diameter d.
The relative energetic locations of EC , EV , and EF are not on scale. dcritical is
the nano-wire thickness where the depletion region has reached full extension
across the nano-wire diameter. Figure is adopted from Nano Letters, vol. 5,
pp. 981-984, 2005 [99].

was consistent with the observed decrease in photoluminescence intensity in air ambi-
ent and its increase in vacuum, as a result of the alterations in the surface depletion
region [103].

In addition, Teubert et al. observed quenching of the PL intensity by switching from
nitrogen to an oxygen-containing atmosphere for c-oriented GaN/AlGaN nano-wires
with embedded GaN nano-discs and lateral AlGaN shell near the surface [102]. This
heterostructure was used to achieve carrier confinement and thus enable optical detec-
tion of surface adsorption processes at temperatures up to 150 ◦C. They attributed this
observation to enhanced non-radiative recombinations at the nano-wire surface. This is
since their nano-wire heterostructure is fully depleted and shall not be significantly mod-
ified by surface potential. It could not be decided whether the interaction of molecular
oxygen with a non-saturated or weakened surface bond activates existing surface states
as non-radiative recombination channels, or whether the adsorbed oxygen molecule itself
acts as a non-radiative recombination center [102].

In the following, we show initial experiments with regard to such photo-induced surface
modulation and show the PL intensity evolution during switching from argon, as an inert
gas, to oxygen as a SBB modulating and a non-radiative recombination enhancement
species at the semiconductor surface.

The magnitude and time-scale of the respective intensity change, as a result of UV
illumination or gas switch in the chamber, are the two criteria we used for evaluating the
response of our tested structures. The change in luminescence intensity is believed to
reflect the magnitude of adsorption of foreign molecules on the semiconductor surface.
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Figure 6.2: Room temperature PL response for the InGaN luminescence for hollow GaN
nano-tubes with 3 coaxial InGaN QWs in argon and oxygen atmospheres.
Evaluation of the Idrop value is illustrated.

The time-scale at which such luminescence response occurs is believed to reflect the rate
of adsorption or desorption of foreign molecules on the surface. To avoid any calibration
errors with regard to the introduction and purging of oxygen and argon species in the
chamber (which could be reflected in the measured response times), the flows were kept
at 50 sccm during all measurements.
As an example of how the above-mentioned criteria were evaluated, an illustration in

figures 6.2 and 6.3 are presented for the response of QW luminescence in GaN nano-tubes
with three coaxial InGaN QWs (discussed later in the chapter). In order to settle on
a comparable measure for the different intensity drops (or rises), the intensity drop (or
rise) after 2 minutes from the start of gas switching was measured. This was measured
relative to the initial intensity at the onset of switching from argon to oxygen and was
identified as Idrop or Irise (figure 6.2). Considering the afore-mentioned intensity change
as 100%, the decay (or rise) time to 70% of that intensity change was identified as tdrop
or trise (figure 6.3). The fastest measured gas switching response value was a tdrop of
14 seconds for the GaN NBE peak of GaN nano-tubes (wall thickness around 40-60 nm)
grown around ZnO pillars grown using seed layer approach (section 3.2). Hence, we
believe that the system response time is not longer than 14 seconds.
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Figure 6.3: Room temperature PL response for the InGaN luminescence for hollow GaN
nano-tubes with 3 coaxial InGaN QWs in argon and oxygen atmospheres.
Evaluation of the tdrop value is illustrated.

6.3 Investigated Structures and their Respective

Measurements

As the question of effect of surface to volume ratio and bandgap structure on the optical
response was raised, we have chosen the following set of samples:

• Sample A: GaN nano-tubes (wall thickness around 40-60 nm) grown around ZnO
pillars grown using seed layer approach (section 3.2).

• Sapmle B: GaN nano-tubes with 3 coaxial InGaN QWs (Sample A + 3 coaxial
InGaN QWs).

• Sample C: GaN micro-rods (non-hollow) selectively grown on masked sapphire
substrate with rod diameters of 3-4µm.

• Sample D: GaN micro-rods (non-hollow) selectively grown on masked sapphire
substrate with single coaxial InGaN QW overgrowth (Sample C + single InGaN
coaxial QW overgrowth).
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The following experiments mainly focus on observing the optical response trends of the
different structures and raise further respective scientific questions. All of our structures
were measured on wafer from a number of rods, since separated rods could not result
in enough PL intensities at room temperature (especially for the GaN NBE peak).
All samples showed a clear PL intensity drop upon oxygen exposure and a rise upon
switching back to argon2. As to confirm the reliability of this result, the backscattered
laser light from a rough back-sapphire surface was traced during gas switching between
the argon and oxygen atmospheres, where no change in intensity was observed. This
confirmed the reliability of our measurements, concluding the fact that the change in
intensity during gas switching is a characteristic of our samples. The PL intensity
drop upon oxygen exposure and back rise in argon ambient demonstrated what we
expect by comparing to other similar works such as in [99, 102]. This also confirmed
the applicability of chemical sensing for our GaN structures as our main target for this
chapter.

The rise time upon switching back from oxygen to argon was observed to be slower
than the drop time during the initial argon to oxygen switch for most of our structures.
Since the gas flows are the same for oxygen and argon, we can exclude its effect on the
different time scales. This is further confirmed as the system response time is believed
to be not longer than 14 s, which scales as one third of the fastest measured rise time.
A slower rise time of the PL intensity for switching from oxygen-containing atmosphere
to nitrogen atmosphere was similarly observed in [102]. Based on the photo-induced
adsorption/desorption model described in [103], we believe that the higher rise times
indicate a slower desorption rate of the adsorbed oxygen molecules from the GaN surfaces
versus their adsorption rate.

Our nano-tube structures showed an initial decay upon UV excitation in argon at-
mosphere (such as in figure 6.2). It was also observed that the signal is not recovering
to the original level after breaking the excitation of the sample for as long as three
hours (laser covered and not switched off). Changing the laser excitation position on
the sample brings back the original intensity and triggers the start of the intensity decay.
This confirmed the non-recovery of the signal and that a UV induced process is taking
place. Up to this point in our studies, we are not able to conclude a concrete explana-
tion about the nature of this decay. In [104], V.A. Joshkin et al. observed a persistent
(non-recoverable) and marked decrease in the near band edge PL intensity for MOCVD
grown c-plane GaN layers grown on sapphire substrates after exposing the samples with
a HeCd laser light with 3.8 eV emission (same as employed in our experiment). They
suggested that this observation is related to donor-like states. One of these states is
the fundamental state near the conduction band of GaN. Another metastable state (or
states) is charged and can be created from the fundamental state by trapping of an
electron during the HeCd laser exposure. The lifetime of this metastable state seemed
to be long, retaining its charge for days [104]. Increasing the density of metastable states
during HeCd laser exposure results in the reduction of near band edge emission [104].

2However, the PL intensity rise is not fully recovering up to the initial level before oxygen exposure
for most samples as discussed later in this section.
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Possibly, a similar effect could be responsible for the observed decay in our experiment.
Furthermore, a UV-induced chemical reaction taking place at the GaN surface by sur-
face adsorption of residual species in the chamber (such as oxygen, carbon or water
vapor) can not be excluded too. The latter possibility is believed to change the surface
of the GaN permanently. However, further experiments including chemical analysis of
the surface before and after UV excitation are needed to confirm this assumption. These
could include EDX profiling during TEM analysis of single wires before and after UV
excitation.

Table 6.1: Figures for room temperature PL spectra and the temporal responses of
the investigated structures during gas switching between argon and oxygen
atmospheres.

Sample PL Spectrum Gas Switching Response
Sample A Figure 6.4 Figure 6.5

GaN NBE luminescence (3.41 eV)
and Zn impurity luminescence (2.9 eV)

Sample B Figure 6.8 Figure 6.2
InGaN luminescence (3 eV)

Sample C Figure 6.9 Figure 6.11
GaN NBE

Sample D Figure 6.12 Figure 6.14
M-plane InGaN (3.17 eV)
C-plane InGaN (2.8 eV)
and GaN NBE (3.41 eV)

Table 6.1 outlines the respective figures for the samples listed at the start of this
section. The figures show the room temperature PL spectra as well as the temporal PL
intensity response curves upon gas switching. For sample A, the two emission peaks
at 2.9 eV and 3.41 eV in figure 6.4 are attributed to the zinc impurity and GaN near
band edge (NBE) luminescences, respectively. The gas switching response behavior for
the two emissions is shown in figure 6.5. The measured Idrop/rise and tdrop/rise values
for the peak emissions are shown in figures 6.6 and 6.7. The GaN band-edge showed a
higher relative intensity drop as well as faster drop and rise times compared to the zinc
impurity emission. The reason for the higher response of the GaN peak could not be fully
explained concretely, however, these initial measurements could only allow for possible
hypothesis to be raised3. As proposed by R.Calarco et al. , shrinking the nano-wire
diameter below the depletion region extension width (dcritical) reduces the barrier height
at the surface and enhances surface recombination of non-equilibrium electron-hole pairs
(figure 6.1) [99]. Since our nano-tube wall thicknesses for sample A are around 50 nm,

3This also applies for all of our investigated structures with respect to explaining the observed differ-
ences in response behavior of their different emissions.
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Figure 6.4: Room temperature PL spectra of hollow GaN nano-tubes (sample A) in
argon and oxygen atmospheres.

the depletion region is expected to extend across the entire GaN tube walls. Thereby, we
believe that the dominant mechanism for intensity modulation during gas switching is
due to the enhancement and suppression of non-radiative recombinations at the surface
by adsorption and desorption of oxygen molecules, respectively. The photo-generated
carriers in sample A might be undergoing three process: (1) recombining radiatively
with the energy of the GaN NBE, (2) undergoing non-radiative recombination at the
surface and/or (3) being captured by the zinc impurity centers near the inner wall of
the GaN tube. If oxygen species are present at the outer surface, more photo-excited
carriers recombines at the surface, leading to quenching of the GaN NBE emission. In
this model, we assumed that the GaN NBE emission originate from the higher quality
GaN near the outer surface of the tube (as compared to the inner surface) leading to
a considerable response to adsorption/desorption of oxygen molecules. This is since
the zinc impurity centers (contributing to the 2.9 eV emission) were observed to have a
higher concentration nearer to the inner tube wall by cross-sectional EDX profiling [63].
In addition, the photo-generated carriers could be captured by the existing lower energy
radiative recombination paths introduced by the zinc impurities, where a feeding process
could be taking place preventing an equal response to surface induced changes for the
zinc impurity emission. The last arguments were suggested as a possibility for the
differences in magnitudes between the two emissions of the same sample, whereas the
different response times for the two emissions of sample A as well as the other three
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Figure 6.5: Room temperature PL response of the emission peaks in figure 6.4 for hollow
GaN nano-tubes (sample A) in argon and oxygen atmospheres.

samples are still open questions.

Sample B has the same structure as sample A with 3 coaxial InGaN QWs with GaN
barriers. The nano-tube wall diameters were observed to increase to around 120 nm.
The successful growth of a coaxial InGaN layer around these nano-tubes, grown using
the seed-layer approach, was confirmed in our previous works using TEM investigations
and PL peak shifts with InGaN growth temperature in [62] and [105], respectively. The
InGaN layer was observed to be between 3-4 nm and the GaN spacer to the outer tube
surface was found to be around 20 nm [62]. A clear InGaN emission around 3.0 eV
was observed in room temperature PL (figure 6.8). Only the InGaN luminescence was
possible to trace during the gas switching cycles for this sample. The GaN NBE emission
was not possible to resolve at room temperature due to the intense InGaN luminescence.
Similarly, the zinc impurity luminescence showed a shoulder peak around 2.88 eV that
was also not possible to trace during gas switching. The weaker shoulder peak around
3.32 eV is believed to originate from stacking faults [106]. The room temperature gas
switch response is shown in figure 6.2. The measured Idrop/rise and tdrop/rise values are
shown in figures 6.6 and 6.7. In comparison to the GaN NBE luminescence for sample A,
InGaN luminescence showed a reduced response to gas switching, with lower Idrop/rise and
higher tdrop/rise values. As mentioned for sample A, our proposed model might describe
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Figure 6.6: Bar chart representing the calculated Idrop and tdrop values for the differ-
ent emissions of samples A and B during the switch from argon to oxygen
atmospheres.

responsible mechanisms for the observed change in intensity response differences between
the two samples, where response times differences are still not clarified. The InGaN QWs
are believed to result in carrier confinement hindering their transfer to and from the
outer surface of the tube as compared to the same structure without GaN/InGaN/GaN
heterostructures (sample A). Moreover, we also believe that a feeding process for the
photo-generated carriers from the surrounding GaN barriers could be taking place in the
InGaN layers, resulting in a lower respective intensity modulation magnitude change as
compared to the GaN NBE peak for sample A.

For sample B the InGaN layers are placed near the outer nano-tube wall surface
(GaN spacer is expected to be around 20 nm). In addition, due to the growth of three
lower temperature GaN/InGaN periodicities, the wall thickness for sample B is above
100 nm which is expected to be higher than the depletion width extension (figure 6.1).
Hence, in comparison to sample A, a higher surface barrier height near the surface is
expected. Thus, we believe that the the InGaN layers lie within an existing field in
the depletion region, whose modulation by adsorption of charged molecules would lead
to band bending in the quantum wells and result in a respective wavelength change.
Oxygen is believed to adsorb as a negatively charged molecule at the GaN surface as
proposed by M. Foussekis et al. , where the transfer of electrons from surface states or
bulk to oxygen species physisorbed at the GaN surface led to an increase in negative
surface charge and a decrease in the measured surface photovoltage [103]. Assuming a
surface potential up to 2 eV due to accumulation of negatively charged oxygen molecules
at the GaN surface for sample B, the resulting change in bandgap was calculated to be
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Figure 6.7: Bar chart representing the calculated Irise and trise values for the differ-
ent emissions of samples A and B during the switch from oxygen to argon
atmospheres.

only around 15meV for a 4 nm InGaN QW4. Such minute wavelength change is not
expected to be observed for our broad InGaN luminescence at room temperature, which
was the case for our measurement of sample B.
As the GaN NBE luminescence for sample A was observed with highest switching

response values, we were motivated to compare it to a structure with a lower surface to
volume ratio (sample C). The room temperature PL and low temperature CL spectra
for sample C with N-polar GaN micro-rods (non-hollow with rod diameters of 3-4µm)
selectively grown on masked sapphire substrate are shown in figures 6.9 and 6.10, re-
spectively. A clear GaN NBE emission is observed around 3.4 eV in addition to a broad
yellow luminescence band that is believed to be due to either atomic crystal vacancies or
carbon impurities (as reported in [64], pp. 19–34 and the references therein). The room
temperature PL gas switching response behavior is shown in figure 6.11. The meas-
ured Idrop/rise and tdrop/rise values, together with sample D, are given in table 6.2. For
this sample, two different crystallographic planes could be responsible for the observed
switching response behavior of the GaN NBE peak. These are the top polar c-plane as
well as the nonpolar m-plane side-walls, which could have different surface chemistries
with respect to chemisorption of oxygen molecules. However, for the purpose of compar-
ison with sample A, we believe that the higher surface to volume ratio for sample A is a
contributing factor for its observed higher gas switching response (higher Idrop/rise values

4Calculation by Dipl. Phys. Benjamin Neuschl, Semiconductor group, Institute of Quantum Matter,
Ulm University.
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Figure 6.8: Room temperature PL spectra of hollow GaN nano-tubes with 3 coaxial
InGaN QWs (sample B) in argon and oxygen atmospheres.

and lower tdrop/rise values). The relation between the more pronounced PL intensity
quenching upon gas switching for sample A and its higher surface to volume ratio in
comparison to sample C could be explained in light of the diameter dependent surface
barrier height for the photo-generated carriers (figure 6.1). The thinner wall thicknesses
for sample A with diameters close to the depletion width (40-60 nm) in comparison to
sample C implies an increased barrier height at the surface for the photo-generated carri-
ers for sample C. This is expected to hinder the transfer of photo-generated electron-hole
pairs to recombine non-radiatively at oxygen species adsorbed at the surface.

PL emission Idrop (%) tdrop(s) Irise (%) trise(s)
Sample C: GaN NBE (3.41 eV) 5 63 1.5 84

Sample D: M-plane InGaN emission (3.17 eV) 8 56 6 80
Sample D: C-plane InGaN emission (2.8 eV) 3 44 3 45

Sample D: GaN NBE (3.41 eV) 5 25 2 85

Table 6.2: Comparison between PL response parameters for GaN micro-rods (non-
hollow) selectively grown on masked sapphire substrate without (sample C)
and with a single GaN/InGaN/GaN overgrowth (sample D).
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Figure 6.9: Room temperature PL spectra of GaN micro-rods selectively grown on
masked sapphire substrate (sample C) in argon and oxygen atmospheres.

Sample D has the same structure as sample C with a single GaN/InGaN/GaN het-
erostructure overgrowth. The successful InGaN layer overgrowth was confirmed by CL
investigations (figure 6.13) as discussed in section 4.3. This sample had two InGaN emis-
sions emitting from the nonpolar m-plane sidewalls as well as the top N-polar c-plane
surface (figure 6.13). The InGaN overgrowth procedure was the same as employed for
our GaN tubes in table 4.1. The InGaN layer luminescence from the m-plane was found
to be at the same energetic position as for that around our GaN tubes (see figures 6.13
and 4.16). We assume that the InGaN layer thickness and the GaN spacer (GaN barrier
between the InGaN layer and the outer surface) grown on the m-planes of the micro-
rods are similar to those found by TEM analysis for our GaN micro-tubes (subsection
4.2.1). These are 5-6 nm and 45 nm for the coaxial InGaN layer and the GaN spacer,
respectively. The InGaN layer and GaN spacer grown on the top c-plane of the micro-
rod are believed to be thicker in comparison to those grown on the m-plane sidewalls.
T.Wunderer et al. observed that growth rates at lower temperatures, typical for InGaN
and barrier layers, on the c-plane facets are higher than those for the semipolar {11̄01}
facets of a GaN LED ridge structure with c-plane and {11̄01} facets [28, 75]. A factor
of 2.5 higher thickness was observed for InGaN QWs grown on the c-plane [28, 75]. We
assume a similar factor for the difference between the c-plane and m-plane facets growth
rates at the lower temperature regime. For our employed InGaN overgrowth (table 4.1),
the lower temperature barrier after the InGaN growth is grown for 10 minutes at the
lower temperature regime (885◦C) whereas the GaN cap final layer at 1000◦C was grown
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Figure 6.10: Low temperature cathodoluminescence spectrum from GaN micro-rods
(sample C) selectively grown on masked sapphire substrate.

only for 3 minutes. Thus the c-plane InGaN layer is believed to be embedded deeper
below the surface compared to that grown on the m-plane.

The room temperature PL spectra and gas switching response behavior for sample D
are shown in figures 6.12 and 6.14, respectively. It was observed that the m-plane InGaN
emission showed the highest intensity change in response to the initial gas switching
cycle. The GaN NBE emission showed a slight change in intensity, while the c-plane
emission showed nearly negligible intensity modulations. The calculated Idrop/rise and
tdrop/rise values are shown in table 6.2. For the higher Idrop/rise values of the m-plane QW
compared to that grown on the c-plane, we propose a model based on oxygen induced
enhancement of surface non-radiative recombinations of carriers. The photo-excited
carriers in the GaN spacer between the InGaN layer and the outer surface may either
(1) get captured by the quantum well (contributing to the InGaN emission) and/or (2)
recombine non-radiatively at the surface. Surface adsorption of oxygen species could
enhance the second option (section 6.2) and induce quenching of the InGaN emission.
The higher intensity magnitude response for the sidewall m-plane InGaN emission is
believed to be due to a thinner spacer thickness than its respective c-plane counterpart
grown on the micro-rod’s top surface. Thus, surface recombinations is believed to play
a more significant role in changing the volume of photo-generated carriers feeding the
InGaN m-plane QW, leading to a more pronounced quenching by surface adsorption of
oxygen species. The continuous decrease in intensity in oxygen for the whole cycle time
of 10 minutes for the m-plane InGaN emission in comparison to the GaN NBE emission
is considered as a further open question that is raised during our studies.
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Conclusion

The purpose of this chapter was to demonstrate the applicability of chemical sensing for
our GaN structures with respect to oxygen and argon as a proof of principle investiga-
tion. Open questions were raised, especially regarding the differences in response times
for emissions of the same sample or for different samples. A model based on the enhance-
ment of surface non-radiative recombinations by surface adsorption and desorption of
oxygen species was proposed for explaining the differences in intensity changes with gas
switching. Further investigations in other gas ambients are planned as an outlook for
this chapter. Similarly, methods for functionalizing the surfaces of our developed GaN
tube and rod structures, as an approach for enhancing the magnitude of their optical
response to various gas ambients, is a promising future investigation.
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Figure 6.11: Room temperature PL response of the GaN NBE emission for GaN micro-
rods (sample C) in argon and oxygen atmospheres.
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Figure 6.13: Low temperature cathodoluminescence spectrum and color-coded overlay
integration of the emission wavelengths from GaN micro-rods with single
coaxial InGaN layer (sample D).
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The development of a fabrication process for highly crystalline and position controlled
GaN based nano-, submicron- and micro-structures, together with the respective coaxial
InGaN quantum well overgrowth was the focus of this work. The growth of vertically
aligned and well ordered ZnO nano-pillars using vapor transport methods is relatively
easier and better established as confirmed by the larger number of publications in com-
parison to GaN (see chapters 1 and 3). Hence, we were motivated to use ZnO nano-pillars
as a growth template to realize GaN structures with the same shape and configuration.
A multi-layer GaN/ZnO overgrowth approach in MOVPE for the complete desorption of
the ZnO core pillars and achieving GaN tubes of fair crystalline qualities (based on the
work reported in [44]) has proven to be very successful using SEM, PL and TEM invest-
igations. Hollow GaN tubes with wall thicknesses ranging between 40 nm and 300 nm
were achieved. Wall thicknesses could be controlled depending on the ZnO template
(especially dictating density of the pillars) and the overgrowth time.
Different approaches for the position control (and consequently density control) of

the ZnO nano-pillars were compared. This is especially important for the subsequent
systematic investigation of epitaxial process parameters for coaxial InGaN layers and
quantum wells around the GaN tube structures. Successful growth of single ZnO nano-
pillars on the top-plateau of single GaN pyramids was achieved. This approach benefits
from the less extensive writing of electron-beam lithography on a masked substrate
and makes use of simpler optical lithography measures. The targeted high degree of
density control for the GaN nano- and submicron-tubes was achieved after the controlled
desorption of the core ZnO nano-pillars.
The respective growth of coaxial InGaN layers was systematically investigated. By

decreasing the InGaN growth temperature from 810 ◦C to 760 ◦C, PL luminescence peaks
shifted as expected to lower energies to indicate a change in the calculated In concen-
tration from 9% to 3.8%. Similarly, reducing the TEGa/TMIn flow ratio during InGaN
growth from 1.5 to 0.9 resulted in a 2.2% increase in In content. Moreover, reducing the
ambient growth pressure from 200 hPa to 100 hPa showed a 1.4% decrease in In content.
The luminescence spectra of the previous set of sample, however, were characterized
by an intense and broad peak around 2.85 eV indicating the presence of Zn impurities
in the overgrown layers due to diffusion of atomic zinc at high temperatures. Using
locally resolved CL mapping, the latter was confirmed to be strongly suppressed by
growing thicker GaN buffer layers at the mass-transport MOVPE regime (average wall
thicknesses increased from 160 nm to 400 nm). Being able to resolve the coaxial InGaN
luminescence down to an excitation voltage of 0.6 kV in CL confirmed the improved
crystallinity of the buffer layers.
From cross-sectional SEM analysis of a GaN micro-tube with three coaxial InGaN
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layers, the wall thickness near the top of the GaN tube was found to be 20% thicker
than the bottom part. Furthermore, the dislocation density was found to be much higher
at the bottom of the micro-tube compared to the top. This indicated that a varying
gradient of growth rate exists along the structure and reflected a varying crystal quality
of the ZnO pillar. A 12-fold symmetry with large m-plane facets and smaller a-plane
facets is visible even at the inner core of the GaN tube, which is reflected on a larger scale
at the outer surface as the facets develop by further growth. This might indicate that
the ZnO core already transfers from 6-fold to 12-fold symmetry during the overgrowth
process. Scanning Tunneling Electron Microscopy (STEM) investigations near the top
part of the GaN tube showed clearly resolved and very homogeneous InGaN layers along
the m-plane side wall facets, while very weak InGaN contrast signals along the smaller
a-plane facets could be resolved. The InGaN layer thickness along the m-plane near the
top of the tube was found to be between 5 and 6 nm. Compositional profiling across the
QWs was performed during the STEM investigation, where an In concentration around
7% was determined.
In low temperature time resolved micro-photoluminescence, a decay time of 211 ps

for the coaxial nonpolar InGaN luminescence was measured. This is much lower than
decay times above 20 ns that are typical for polar InGaN layers (as in [91]). We believe
that this is a good indication for the absence of piezoelectric fields in our coaxial InGaN
layers and that it shows the tendency towards the expected non-polar recombination
dynamic characteristics.
In order to eliminate the effect of Zn doping for the developed GaN tube structures,

we investigated approaches for the vertical growth of GaN rods without ZnO pillar tem-
plates. The key to vertical GaN rods growth is changing their polarity from Ga-polar,
that typically results in GaN pyramids with semi-polar facets, to an N-polar crystal
orientation. Our study for GaN nucleation layers (around 150 nm) on bare c-plane sap-
phire proved that the initial nitridation of the sapphire substrate at high temperatures is
the main factor responsible for enforcing the N-polar orientation of the GaN layers and
drastically enhancing the crystal quality. Selective overgrowth of N-polar vertical GaN
micro-rods (diameters of 3µm) has been achieved on a SiO2 masked sapphire substrate.
The local polarity was checked using etching in aqueous KOH solution [87]. This showed
that most of the vertically grown micro-structures were etched confirming their predom-
inantly N-polar crystal orientation. The vertical GaN micro-rods are overgrown with the
same InGaN growth procedure employed for our GaN tubes as a further mean of com-
parison for the luminescence properties. Two intense InGaN luminescence peaks were
observed from the non-polar side-facets and the top c-plane polar facets around 3.2 eV
and 2.85 eV, respectively. The non-polar InGaN luminescence was observed to be at the
same energetical position as for its respective hollow GaN tube template. This further
confirmed the reproducibility of our InGaN growth conditions on side-wall m-planes of
vertical structures.
Towards the application aspect of our structures as sensor elements, first trial invest-

igations of the optical responses in oxygen and argon environments were endeavored in
a micro-PL setup. The simple excitation and read-out approach, on-wafer testing and
the high degree of measurement reliability (without variations in contact resistances) are
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the key advantages offered by optical addressing compared to its electrical counterpart.
Argon was chosen as an inert gas whose adsorption on semiconductor surfaces is be-
lieved not to result in any surface band bending or enhancement of surface nonradiative
recombinations of the photo-generated carriers. In contrast, oxygen was chosen since it
showed a remarkable effect on the afore-mentioned two points [100, 102, 103]. Our GaN
nano-tube and micro-rod structures showed a clear drop in PL intensity upon oxygen
exposure and a rise upon switching back to argon. However, the rise time was higher
than the drop time for all structures. Considering a model based on photo-induced ad-
sorption/desorption of molecules on the semiconductor surface [103], then the different
time-scales may indicate that it is more difficult to remove adsorbates from the surface by
UV excitation as compared to their adsorption process. Our experiments demonstrated
the applicability of chemical sensing for our GaN structures with respect to oxygen and
argon. Further investigations in different gas ambients are planned as an outlook for this
work. Similarly, methods for functionalizing the surfaces of our developed GaN tube and
rod structures, as an approach for enhancing the magnitude of their optical response to
various gas ambients, is a promising future investigation.

113





Bibliography

[1] D. Xiangfeng, H. Yu, C. Yi, W. Jianfang, and C.M. Lieber, “Indium phosphide
nanowires as building blocks for nanoscale electronic and optoelectronic devices”,
Nature, vol. 409, pp. 66–69, 2001.

[2] M.H. Huang, S. Mao, H. Feick, H. Yan, Y. Wu, H. Kind, E. Weber, R. Russo, and
P. Yang, “Room-temperature ultraviolet nanowire nanolasers”, Science, vol. 292
no. 5523, pp. 1897–1899, 2001.

[3] Y. Cuil, Q. Wei, H. Park, and C.M. Lieber, “Nanowire nanosensors for highly
sensitive and selective detection of biological and chemical species”, Science,
vol. 293 no. 5533, pp. 1289–1292, 2001.

[4] A. Waag, X. Wang, S. Fündling, J. Ledig, M. Erenburg, R. Neumann,
M. Al Suleiman, S. Merzsch, J. Wei, S. Li, H.H. Wehmann, W. Bergbauer, M.
Straburg, A. Trampert, U. Jahn, and H. Riechert, “The nanorod approach: GaN
NanoLEDs for solid state lighting”, Phys. Status Solidi C, vol. 8, pp. 2296–2301,
2011.

[5] S. Li and A. Waag, “GaN based nanorods for solid state lighting”, J. Appl. Phys.,
vol. 111, pp. 071101–1–23, 2012.

[6] D. Zubia and S.D. Hersee, “Nanoheteroepitaxy: The application of
nanostructuring and substrate compliance to the heteroepitaxy of mismatched
semiconductor materials”, J. Appl. Phys., vol. 85, pp. 6492–6496, 1999.

[7] O. Ambacher, “Growth and applications of group III-nitrides”, J. Phys. D: Appl.
Phys., vol. 31, pp. 2653–2710, 1998.

[8] J. Piprek, Nitride Semiconductor Devices. WILEY-VCH Verlag GmbH & Co.
Weinheim, 2007.

[9] V. Srikant and D.R. Clarke, “On the optical band gap of zinc oxide”, J. Appl.
Phys., vol. 83, pp. 5447–5451, 1998.
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